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ABSTRACT 
 
This thesis consists of three parts. The first part provides an introduction to the 
calix[4]pyrroles and calix[4]arenes chemistry and their applications as ion selective electrodes 
for the determination of the Hg2+ in aqueous solution and as extracting agents for the removal 
of pollutants from water. The second part describes the experimental works carried out in the 
laboratory. The third part presents results and discussion as follows:  
i. The compounds 5,11,17,23-p-tetra-tert-butyl 25,27-dihydroxy 26,28-bis(2-ethoxymethoxy) 
calix[4]arene (L1), 5,11,17,23-p-tetra-tert-butyl 25,27-bis(diethylamino)ethoxy 26,28-(bis 
methoxyethoxy) calix[4]arene (L2) and mesotetramethyl-tetrakis[(N,N-diethyl-
acetamide)phenoxymethyl] calix[4]-pyrrole (CPA) dimer were successfully synthesised and 
characterised using different techniques. 
ii. The interaction of the receptors mesotetramethyl-tetrakis(4-hydroxyphenyl) calix[4]-
pyrrole, (CPII), and mesotetramethyl-tetrakis[(N,Ndiethylacetamide)phenoxymethyl] calix[4]-
pyrrole (CPA) (previously synthesised) as well as L1 and L2 ligands with different metal cations 
in CD3CN at 298 K was investigated using the 
1H NMR technique. It is concluded that CPA 
and L2 ligands interact with Li
+, Na+, Ca2+, Sr2+, Ba2+, Cd2+, Zn2+, Pb2+ and Hg2+ cations 
whereas CP(II) and L1 ligands do not interact with cations tested. 
iii. Conductance and thermodynamic studies of complexing of CPA and L2 with metal cations 
in acetonitrile at 298.15 K were investigated with the Nano Isothermal Titration Calorimeter. 
iv. Complexation studies proved by 1H NMR, conductance and ITC techniques of CPA and 
metal cations in acetonitrile were compared to those previously reported in the 
Thermochemistry Laboratory. 
v. The ability of the CPA dimer to remove Hg2+, Pb2+, Zn2+,  Cu2+ and Cd2+ ions from an 
aqueous solution was proved under different experimental conditions. 
vi. The preparation and characterization of Hg2+ ion selective membranes using different 
components based on CPA and L2 ionophores are described. Also, the influence of a number 
of experimental parameters and interferences on the response of the electrodes as well as 
analytical applications of these ISEs were studied. 
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1.  INTRODUCTION. 
This part of the thesis includes the following: 
i) An account of Supramolecular Chemistry, with particular reference to calix[4]pyrroles 
and calix[4]arenes macrocycles,  
ii) Background information on the removal of pollutants from aqueous solution using 
calix[4]pyrroles and related compounds. 
iii) An overview of previous work on Hg2+ selective electrodes (ISEs) including theoretical 
aspects.  
iv) Aims of this thesis. 
 
 
1.1 Background information of Supramolecular Chemistry. 
In the 1960s, Supramolecular Chemistry emerged as a new field of Science. Its beginning 
was actually related to crown ethers, which were discovered by Pedersen [1]. In 1987 he won the 
Nobel Prize in Chemistry, shared with Cram [2] and Lehn [3] as a result of their development and 
use of molecules with structure-specific interactions of high selectivity. Soon after, the term 
'Supramolecular Chemistry' was introduced by Jean-Marie Lehn [4]. It can also be recognized as 
‘the chemistry beyond the molecule’, as Supramolecular Chemistry depends mainly on the study of 
molecular assemblies, simulation of the structure and the properties of these species. Supramolecular 
Chemistry includes that area of chemistry dealing with interactions of chemical species that are held 
together by intermolecular forces (non-covalent interactions) between a ‘host’ and a ‘guest’ as 
shown in Scheme 1.1 [5]. These intermolecular forces include ion-dipole, dipole-dipole, hydrogen 
bonding, van der Waals forces and hydrophobic effects [6]. 
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Supramolecular Chemistry has grown significantly in a broad range of fields of research and has 
been employed in many multidisciplinary applications such as biology, physics, engineering, 
medicine and chemistry [7-8]. In addition, there are some phenomena which belong to 
Supramolecular Chemistry. These can be classified into two major categories as follows [9-11]:  
 
(i) Molecular recognition in solution (lock and key), which generally deals with the smallest 
supramolecular systems. It is based on the design and the preorganization of 
supramolecules as well as implementing information storage and processing. Therefore, 
this development of supramolecular chemistry results in suitable structural and chemical 
features able to form a selective and strong binding of a guest (molecule or ion) with a 
host molecule (receptor) [12].  
(ii) Organized self-assembly which is a process resulting from the association of two or more 
components through selection to form divers and suitable structures (membranes, liquid 
crystals) [12]. 
 
1.2 Macrocyclic ligands 
 
Macrocyclic ligands are usually defined as large cyclic compounds; consisting of nine or 
more atoms as a single-ring or multi-ring systems with potential donor atoms as binding sites that 
are able to interact  with a guest (molecule or ion) in order to obtain a host-guest complex [13, 14]. 
However, the number of atoms and the ring size are critical factors to determine the cavity or hole 
size for a macrocycle. Some macrocycles have cavities that can fully surround a guest and may be 
chemically modified in order to be used for specific applications [15]. A large number of 
macrocyclic ligands have been synthesised, including crown ethers [16], cryptands [17, 18], 
spherands [19], calixpyrroles, resorcinarenes and calixarenes [20-22]. Representative examples are 
shown in Fig. 1.1.  
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Fig. 1.1 Representative examples of macrocyclic compounds. 
 
Crown ethers have gained a special attention because of their ability to form stable 
complexes with alkali and alkaline-earth metal cations as well as ammonium cations. In 1967, the 
first crown ether (dibenzo-18-crown-6) was prepared by Pedersen [23]. The 18-crown-6 (18 denotes 
the total number of atoms in the cyclic ring and 6 denotes the number of oxygen atoms) has received 
significant attention because of its high ability to form two-dimensional complexes with alkali-metal 
cations through ion-dipole interactions as depicted in Fig. 1.2 [24]. 
 
 
 
 
 
 
 
 
Fig. 1.2 Representative example of a cation-18-crown-6 complex 
M+
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Cryptand 222                 p-tert-butyl calix[4]arene         Calix[4]pyrrole 
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Complexation with many ionic guests, such as ammonium (NH4
+) and primary alkyl 
ammonium (RNH3
+) ions with crown ethers in acetonitrile have also been examined [25]. As a result, 
ammonium-crown ether complexes were isolated. In 1979, Izatt and co-workers [26] reported the 
interaction of 18-crown-6 with several organic ammonium cations in methanol. The results obtained 
revealed that the 18-crown-6 molecule is able to a form complex with the ammonium ion through 
three hydrogen bonds between the hydrogen atoms of the guest molecule and the oxygen donor 
atoms of the 18-crown-6 ligand. Also, electrostatic interactions take place between the oxygen donor 
atoms of the 18-crown-6 ligand and the nitrogen atom (positively charged) of the ammonium group 
as shown in Fig 1.3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3 Interaction of the ammonium cation with 18-crown-6 [26].  
 
 
Cryptands (Fig. 1.1) were discovered by Lehn, and co-workers in 1968 [27]. They encapsulate 
metal cations as guests to create extremely strong complexes so-called cryptates. For example, 
cryptand 222 is a bicyclic compound, consisting of a three dimensional cavity lined with oxygen 
and nitrogen donor atoms, its size can be determined by the size of the bridges connecting the 
nitrogen atoms. In 1991, Danil de Namor and co-workers [28], reported thermodynamic data on the 
complexation of cryptand 222 and 18-crown-6 with amino acids in methanol at 298.15 K as shown 
in Fig. 1.4. The results showed that cryptand 222 and 18-crown-6 are able to form complexes 
through the amino group of the amino acid and the donor atoms of these ligands [29].  
 
H
N
HH
H
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Fig. 1.4 Interactions of amino acids with (a) 18-crown-6 and (b) cryptand 222. 
 
 
The spherands (Fig. 1.1) were first reported by Cram [30]. These macrocycles have structures 
containing a rigid octahedral cavity able to include metal ions such as Na+ and Li+ cations. However, 
spherands have not shown the ability to complex the larger cations. This is possibly due to the lack 
of flexibility in their intramolecular cavity [31].  
 
1.3 Host-guest chemistry.  
Solid state host–guest chemistry as a subclass of Supramolecular Chemistry has been studied 
for many years. It can be defined as large host molecules that are able to accommodate smaller guest 
molecules via non-covalent interactions (Fig. 1.5). The name host–guest chemistry was introduced 
by Cram in the late 1970s [32]. He defined the host component as a compound where the binding 
sites converge in the complex while the guest component is any molecule or ion where the binding 
sites diverge in the complex. The preparation of ‘host–guest’ compounds dates back to 1810, when 
the chlorine hydrate was discovered by Humphrey Davy [33]. A decade later, chlorine clathrate 
hydrate was detected by Faraday in 1823 [34]. Subsequent observations concerning host–guest 
chemistry were obtained through preparing H2S clathrate of β-quinol by Wöhler in 1849 [35].  
Host-guest chemistry focuses on the development of synthetic hosts that are able to bind with 
a guest as target species as well as the molecular recognition between a synthetic receptor and its 
substrate. This in turn leads to the ‘host-guest’ complex or supramolecule. Guest species have a 
smaller size in comparison with the host molecules (receptor sites). When a guest becomes 
enveloped by the host, the resulting structure is called "a target species complex" which consists of 
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at least one host and one guest component. In general, host and guest molecules and ions experienced 
an attractive force between each other and this in turn leads to stabilization of the binding energy 
[36]. 
 
 
 
 
 
 
 
 
 
Fig. 1.5 The development of host-guest complexation [36]. 
 
 
1.4  Calix[4]pyrroles. 
1.4.1 Background information. 
 
Calix[4]pyrroles (Fig. 1.6) formally known as meso-octaalkylporphyrinogens, are 
considered  as an old class of macrocycles and hetero-calixarene analogues. Calix[4]pyrroles and 
related macrocycles are non-conjugated, colourless compounds. They are composed of four pyrrole 
rings where these rings are linked together in the α- position (pyrrolic 2 and 5 positions) by sp3 
hybridized carbon atoms [37]. Calix[4]pyrroles are known as strong binders of anions and neutral 
substrates in non-aqueous media under different conditions through the N-H array present in these 
species [38]. These were first synthesized in high yield by Baeyer in 1886 [39] (Scheme. 1.2) 
through a single step procedure using the condensation reaction between pyrrole and acetone in an 
acidic medium (HCl).  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.6 The structure of meso-octamethylcalix[4]pyrrole, 1. 
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Scheme 1.2 Synthetic procedure used for the preparation of meso-octamethylcalix[4]pyrrole  
 
In 1916, this reaction was repeated by Chelintzev and Tronov [40]. They also proposed a 
cyclic tetrametric porphyrinogen structure for the product. In 1955, Rothemund and Gage [41] used 
methane sulfonic acid as the catalyst to improve this synthetic approach. In 1970s, Brown et al. [42] 
modified the procedure used by Chelintzev and Tronov. They proceeded with the synthesis of tetra-
spirocyclohexylcalix[4]pyrrole in good yield using the condensation reaction between 
cyclohexanone and pyrrole in acid medium. 
In the 1990s, these macrocycles generated great interest through the extensive work by 
Floriani and coworkers [43] on the synthetic chemistry of deprotonated calix[4]pyrroles. Shortly 
afterwards, Sessler and coworkers [44, 45] first reported that the meso-octamethylcalix[4]pyrrole 
can be used as receptor in host guest chemistry due to its ability to bind anions and neutral species 
through the pyrrole-NH groups as the multiple hydrogen bonding donors under different conditions. 
This in turn makes them a good platform for further modification. These authors also showed that 
this compound is selective for the F- relative to other anion guests such as Cl-, Br-, I-, H2PO4
- and 
HSO4
-.  
 In 2003, detailed investigations on the complexation properties of calix[4]pyrrole with halide 
anions such as F-, Cl-, Br- and I- in acetonitrile and N,N-dimethylformamide solvents were first 
published by Danil de Namor and Shehab  [46]. 1H NMR measurements in CD3CN at 298 K revealed 
that this ligand is able to interact selectively with halides anions depending on the number of pyrrole 
units as well as with other functional groups present in the molecule. The ligand showed different 
selectivity towards halide anions salts according to the following sequence: F- > Cl- > Br- > I-. 
Conductance measurements for these anions and these ligands were also performed in acetonitrile 
and N,N-dimethylformamide at 298.15 K indicating that the ligand is able to discriminate between  
these anions following the same sequence as observed by 1H NMR measurements. The 
thermodynamic results of complexation of the calix[4]pyrrole with these anions in acetonitrile and 
N,N-dimethylformamide indicating that the strength of complexation with this ligand does not differ 
significantly in these two solvents but the complexation process is enthalpically controlled in the 
former solvent whereas in the latter solvent, both, the enthalpy and entropy of complexation 
O
CH3H H
CH3
CH3H3C
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contribute favourably to the Gibbs energy associated to these processes. The highest stability was 
observed for the fluoride anion in acetonitrile relative to other halide anions.  
In 2007, Danil de Namor and co-workers [47] reported the synthesis and characterisation of 
a modified calix[4]pyrrole, namely meso-tetramethyl-tetrakis-(4-hydroxyphenyl) calix[4]pyrrole. 
1H NMR investigations in various deuterated solvents showed that this receptor interacts with 
acetone-d6. They also carried out 
1H NMR titration for this ligand with anions such as F-, Cl-, I- and 
H2PO4
- anions in CD3CN solvent. The results revealed that the NH and OH functionalities of this 
receptor are the active sites of interaction with F- and H2PO4
- anions. In both cases, 1:1 ligand: anion 
complexes were established by conductance measurements. The thermodynamics of this receptor 
and these two anions in acetonitrile showed that this ligand interacts selectively with anions in 
acetonitrile following the sequence: 
 
F- > H2PO4
- > Cl- > Br- 
 
1.4.2 Properties of calix[4]pyrroles. 
 
Calix[4]pyrroles have structural flexibility through the pyrrole units linked via the methylene 
groups. Thus, they can have four different conformations which are ‘1,3-alternate’, ‘1,2-alternate’, 
‘partial cone’, and ‘cone’ as shown in Fig. 1.7.   
 
 
 
 
 
 
 
 
 
                       Cone               Partial con 
 
 
 
 
 
 
 
 
                1,2-alternate  1,3-alternate 
 
Fig. 1.7 Four conformations of representative calix[4]pyrroles [48]. 
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Single crystal X-ray structural analysis for calix[4]pyrrole revealed that this receptor prefers 
to adopt a so-called 1,3-alternate conformation (Fig. 1.8 a) in the absence of anions in the solid state 
[49]. The calix[4]pyrrole adopts a cone conformation in the presence of anions (halides) through 
hydrogen bonding between the -NH functionality of the pyrrole rings and the anion (Fig. 1.8 b) [50].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.8 The X-ray crystal structure of calix[4]pyrrole (a), and its 
anion complex (b). Hydrogen atoms have been omitted for clarity [50]. 
 
The conformation features and binding properties of calix[4]pyrrole with anions (halides) in 
the gas phase and the solution phase (CH2Cl2) were also studied by Wu et al. [51]. They revealed 
that the 1,3 alternate conformation is the most stable and consequently has lowest enery as compared 
with other conformations where in this kind of conformation the pyrroles are found to alternate in 
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an up-down-up-down setup. They also pointed out that the conformations stability follows the 
sequence:  
1,3-alternate > partial cone > 1,2-alternate > cone 
 
1.4.3 Modification of calix[4]pyrroles. 
A calix[4]pyrrole molecule has three potential sites for functional modification which are 
the β-pyrrolic position(C-rim), the N-rim and the meso-position bridge (Scheme 1.3) [52, 53]. 
Introduction of substituents in these positions usually influences the calix[4]pyrrole skeleton 
depending on the number as well as the type of substituent. As a consequence, it leads to the 
production of a wide variety of calix[4]pyrrole derivatives with improved recognition features 
toward ionic species.  
 
 
 
 
 
 
 
 
 
Scheme 1.3 Potential sites for functionalization in calix[4]pyrrole. 
1.4.3.1 Modification of calix[4]pyrrole at the N-rim 
 
Takata and co-workers [54] have reported the possibility of modifying the N-rim of the 
calix[4]pyrrole. Thus, the reaction of meso-octaethyl calix[4]pyrrole, 2 (Fig. 1.9) with sodium 
hydride and methyl iodide in the presence of 18-crown-6 carried out in THF was found to yield a 
variety of N-methylated calix[4]pyrroles, 3-7 (Fig. 1.9). The variation of product was due to the 
concentration of methyl iodide. When one equivalent of methyl iodide was employed the mono-N-
methylated derivative was obtained, 3. On the other hand, use of two equivalents of methyl iodide 
led to the formation of poly-N-methylated derivatives (4 to 7). 
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Fig. 1.9 N-rim calix[4]pyrrole derivatives. 
 
1.4.3.2 Modification of calix[4]pyrrole at the β-position (C-rim) 
 
In spite of the fact that modification at the β-position is a very important strategy for 
improving the anion binding properties of the parent calix[4]pyrrole,  this kind of modification 
usually causes undesirable side effects such as  steric interactions with the methyl groups on the 
meso carbon atoms. Such interactions have a negative influence on the anion affinity and lead to 
destabilisation as a result of conformational changes. Therefore, it is preferred to introduce small 
atoms such as halogen, oxygen, and sulfur into the β-position. The first calix[4]pyrrole receptor 
modified at the β- position with bromine, 8 (Fig. 1.10) was reported in 1997 by Gale et al. [55]. 
Later on, Anzenbacher, et al. [56] reported the second receptor modified with different halogen 
atoms such as fluorine, 9 (Fig. 1.10). Anion binding studies revealed that both receptors, 8 and 9 
show enhanced affinities for various anions of interest relative to β-unsubstituted calix[4]pyrrole. 
This may be due to an electronic effect arising from the substituent groups at the β-pyrrolic positions.  
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Fig. 1.10 Structures of C-rim substituted calix[4]pyrrole. 
 
In 2009, Chauhan and co-workers [57] reported the synthesis of a variety of calix[4[pyrrole 
derivatives by introducing an aryl-azo group 10-17 at one β–position and chromogenic groups 10-
17 at two different β–positions (Fig. 1.11). They also investigated the binding properties of these 
calix[4[pyrrole derivatives with different anions under different conditions.  The results revealed 
that the introduction of aryl-azo and the chromogenic groups in the structure of calix[4]pyrrole 
enhances the anion binding properties of these receptors.  
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Fig. 1.11 Structures of functionalized calix[4]pyrroles at β-position. 
 
Miyaji et al. [58] reported the synthesis of a series of mono-functionalized calix[4]pyrroles 
by adding halogens (F, Cl, Br and I) at one β–position 18-21 (Fig. 1.12). These receptors proved the 
importance of the presence of electron withdrawing or donating groups on the β-rim in terms of 
regulating the anion affinity of calix[4]pyrroles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.12 Monohalogenation of calix[4]pyrrole. 
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Currently, Kim et al. [59] reported the synthesis of a new receptor containing a bicyclic 
pyrrole so-called a hydrofuran‐fused calix[4]pyrrole, 22 (Fig. 1.13). Findings inferred from 1H NMR 
spectroscopic and isothermal titration calorimetry analyses revealed that this modified system, 22 is 
able to form complexes with halide and benzoate anions (as tetra-n-butylammonium salts) as in 
CDCl3 through hydrogen bonds formed by the NH functionality. In addition, this receptor was found 
to solubilise, CsF as ion pair in CDCl3 more effectively than the parent unsubstituted calix[4]pyrrole. 
The improvement in the solubility of CsF as well as the Cs+ complexation process was attributed to 
the presence of the additional donor atom (oxygen) of the furan ring. 
 
 
 
 
 
 
 
 
Fig. 1.13 Structure of hydrofuran‐fused calix[4]pyrrole 
The calix[4]pyrrole with N-tosylpyrrolidine fused into the β-pyrrolic positions, 23 (Fig. 1.14) 
was first synthesized by Kim and co-workers [60]. Study of ion binding for this receptor investigated 
by 1H NMR spectroscopic analyses and isothermal titration calorimetry showed that the 23 receptor 
is capable of forming a complex with cesium halide as ion pair in chloroform solution. This was 
attributed to the binding of the halide anion with the pyrrolic NH protons through hydrogen bonds 
as well as the interaction of the Cs+cation with the four tosyl groups of the calix[4]pyrrole via dipole-
cation interactions. These additional interactions caused by the presence of tosyl groups make this 
ligand a better ion pair receptor for cesium salts than the parent, β-unsubstituted calix[4]pyrrole, 1. 
Ha H
c
CH3
H
b
H
H3C CH3
H
CH3
H
H
H3C CH3
CH3
 
22 
 
INTRODUCTION                                                                                                                       1 
 
16 
 
 
Fig. 1.14 Structure of N-tosylpyrrolidine fused into the β-pyrrolic positions, 23. 
 
Very more recently, Saha and co-workers [61] have reported a new ion pair receptor so-
called calix[4]tetrahydrothiophenopyrrole, 24. It was synthesised from fusion between 
calix[4]pyrrole and 2,5-dihydrothiophene at the β-pyrrolic positions in the presence of potassium 
tert-butoxide and 18-crown-6 in dry THF. Binding studies carried out in the CDCl3 solution revealed 
that 25 is able to selectively form an ion-pair complex with CsF through H-bonding and a cation-π 
interaction (Fig. 1.15). However, binding properties of 24 with Hg2+ (as its ClO4
- salt) in the CDCl3 
solution were investigated. Findings revealed that this receptor is an excellent receptor for Hg2+ and 
forms stable complexe to two Hg2+cations in the rigid 1,3-alternate conformation (Fig. 1.15).The 
interaction with this cation (soft metal cation) is likely to take place through the S donor atoms (soft 
donor atoms). 
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Fig. 1.15 Schematic representation of receptor 24 able to complex with CsF and Hg2+. 
 
1.4.3.3 Modification at the meso‐position (bridge position) 
 
Modification at the bridge (meso-position) is the most desirable approach to the synthesis of 
calix[4]pyrrole derivatives (Fig. 1.16, 25-26). This approach can be performed through condensation 
of different ketones with pyrrole under conditions of acid catalysis. By controlling the amount of 
ketone added into the reaction mixture, mono, di, tri functionalized derivatives can be obtained. 
Subsequently, chromatographic techniques were used to separate these derivatives [62]. This 
approach was also used to produce amine functionalised calixpyrroles as shown by Sessler and co-
workers [63]. The latter product has seen an application as a synthetic precursor in fluorescent 
calix[4]pyrrole anion sensors. 
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Fig. 1.16 Meso-rim calix[4]pyrroles derivatives. 
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           Calix[4]pyrroles can also be modified by replacing one or more pyrrole units with 
heterocyclic units such as thiophene, furan and pyridine in order to produce macrocycles of the same 
family with the ability to interact with ionic species. In 1994, Lee and Lindsey [64] introduced 
sulphur atoms by replacing pyrrole with thiophene units as illustrated in Fig. 1.17.  
 
Fig. 1.17 Calixthienopyrrole derivatives: (27) Calix[3]thieno[1]pyrrole, 
  (28) calix[2]thieno[2]pyrrole and (29) N, N-dimethyl calix[2]thieno[1]pyrrole.  
 
In 2007, Danil de Namor and Abbas [65] investigated the interaction between these 
calix[4]pyrrole derivatives  (27, 28 and 29) and metal cations using different techniques (1H NMR, 
conductance measurements, titration potentiometry, and titration calorimetry) in acetonitrile. The 
results show that there was no interaction observed between these ligands and metal cations under 
investigation except for the Hg(II) ion. Table 1.1 shows the thermodynamics for the complexation 
of Hg(II) ion (as perchlorate salt) and these receptors in acetonitrile at 298.15 K. Therefore, it can 
be seen that replacement of one or more pyrrole units by thiophene rings in calix[4]pyrrole has 
strong influence on the ability of these receptors to bind selectively with Hg2+ in acetonitrile.  
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Table 1.1 Thermodynamic parameters for the complexation of Hg2+ (as perchlorate salt) 
             and calix[4]pyrrole derivatives (27, 28 and 29) in acetonitrile at 298.15 K. 
 
 
 
 
 
 
 
 
 
 
In 2009, El Gamouz [66] studied the complexation process of meso-tetramethyl-tetrakis-(4-
N, N-diethylacetamide phenoxymethyl]calix[4]pyrrole ligand, CPA, 30 (see statement in Table 1.2) 
with uni and bivalent metal cations (as perchlorate salts) and lanthanides (as 
trifluoromethanesulfonate salts) as well as anions (as tetra-n-butylammonium salts) in acetonitrile 
using different techniques namely  1H NMR, conductometric  and calorimetric (Tronac 550 
calorimeter) techniques. The 1H NMR, conductance and thermodynamic data obtained are reported 
in Table 1.1. 1H NMR studies showed that the most significant chemical changes were observed for 
the N-H (H-1) functionality of the pyrrolic rings as well as other proton sites such as H-1, H-4,  H-
5 and H-8. Conductometric titrations demonstrated that this ligand was able to form complexes of 
1:1 (CPA: metal cation) stoichiometry with Li+, Ca2+, Sr2+, Ba2+, Pb2+,  Ho
3+,  Er
3+, Yb3+ and Lu3+ 
while complexes of  1:2 (CPA: metal cation) were formed in the case of Nd3+,  Eu
3+,  Gd
3+,  Lu
3+  
and Hg2+ cations. From thermodynamic results it was found that the stability constant of CPA with 
Hg2+ was the highest as compared with stabilities of this ligand with other ionic species studied. 
This indicates that CPA is more selective for the Hg2+ cation relative to other cations in acetonitrile.  
 
 
 
 
 
 
 
Ligand Hg2+/ligand log Ks 
∆cGo, 
(kJ mol-1) 
∆cHo, 
(kJ mol-1) 
∆cSo, 
(JK-1.mol-1) 
27 
1:1 6.9±0.1 a -39.1±0.5 -70.5±0.1b -105 
1:2 5.89±0.07 a -33.6±0.4 0 112 
28 1:1 4.00±0.02
 b -22.6±0.1 -37.8±0.1b -51 
29 1:1 3.85±0.01
 b -21.9±0.1 -71.6±0.4b 15 
a Potentiometry; b Calorimetry. 
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Table 1.2 1H NMR complexation studies (1H NMR at 298 K (a), conductance (b) and 
thermodynamics at 298.15 K (c)) of CPA with metal cations and anions in acetonitrile solvent [66]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 1H NMR data for CPA with metal cations and anions 
in deuterated acetonitrile solvent, CD3CN at 298 K 
Cation 
Proton (∆δ, ppm) 
H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-7’ H-8 H-8’ 
δRef 7.99 6.00 1.83 6.81 6.75 4.68 3.34 3.34 1.20 1.07 
Li+ -0.23 -0.05 -0.05 0.02 0.07 0.01 0.00 -0.05 -0.07 -0.03 
Na+ -0.17 -0.01 0.00 0.04 0.07 -0.03 0.00 -0.01 -0.04 -0.01 
Mg2+ -0.15 -0.16 -0.03 0.08 0.14 0.00 0.02 -0.02 -0.10 -0.03 
Ca2+ -0.04 -0.16 0.02 0.15 0.16 0.04 0.07 0.03 -0.04 0.01 
Sr2+ -0.06 -0.17 -0.02 0.10 0.15 0.00 0.01 0.01 -0.08 -0.02 
Ba2+ -0.09 -0.14 -0.03 0.06 0.13 -0.04 0.01 -0.03 -0.10 -0.04 
Cd2+ -0.16 -0.18 -0.10 0.01 0.06 0.00 -0.05 -0.05 -0.11 -0.06 
Pb2+ -0.41 -0.12 -0.07 -0.04 0.21 0.20 0.04 -0.03 -0.10 -0.02 
Hg2+ -0.13 0.04 0.02 0.03 0.06 0.16 0.14 0.16 0.07 0.13 
Lu3+ -0.01 0.00 0.00 -0.20 -0.34 -0.23 -0.05 -0.18 0.05 0.07 
F- 4.52 -0.07 -0.06 -0.08 -0.11 -0.09 0.00 -0.01 -0.01 -0.04 
Cl- -0.83 -0.14 -0.02 -0.07 -0.10 -0.10 0.05 0.05 -0.06 -0.03 
NO3
- 0.00 -0.04 -0.03 -0.05 0.01 -0.03 0.04 0.04 -0.02 -0.01 
HSO4
- -0.02 -0.01 -0.21 -0.05 0.06 -0.01 0.00 0.00 0.00 0.00 
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Tble 1.2 (Continued) 
(b) Stoichiometry from conductance data of the complexation of CPA  
with metal cations and anions in acetonitrile at 298.15 K. 
Cation (Mn+:CPA) stoichiometry 
Li+ 1:1 
Ca2+ 1:1 
Sr2+ 1:1 
Ba2+ 1:1 
Cd2+ 1:1 
Pb2+ 1:1 
Hg2+ 1:2 
Nd3+ 1:2 
Eu3+ 1:2 
Gd3+ 1:2 
Ho3+ 1:1 
Er3+ 1:1 
Yb3+ 1:1 
Lu3+ 1:2 
F- 1:1 
 
(c) Thermodynamic parameters of complexation of CPA with metal cations 
         and anions in acetonitrile at 298.15 K using the Tronac 550 microcalorimeter. 
Cation log Ks 
∆cGo, 
(kJ mol-1) 
∆cHo, 
(kJ mol-1) 
∆cSo, 
(JK-1.mol-1) 
Li+ 2.70 -15.35 -37.1 -73 
Ca2+ 3.08 -17.6 -31.2 -46 
Sr2+ 3.86 -22.0 30.3 176 
Ba2+ 4.0 -22.5 22.8 151 
Cd2+ 5.42 -30.97 -18.0 44 
Pb2+ 5.04 -29.8 -15.5 45 
Hg2+ 
(1:1) 3.7 -21.1 -39.3 58 
(1:2) 1.7 -9.4 -90 -268 
1+2 5.4 -31.0 -130 -218 
Nd3+ 4.18 -23.9 -52.7 -96 
Eu3+ 4.98 -24.1 -75.1 -171 
Gd3+ 4.58 -27.1 -49.3 -78 
Ho3+ 3.80 -23.4 -38.5 -57 
Er3+ 4.96 -28.3 -34.9 -22 
Yb3+ 5.10 -29.1 -14.5 30 
Lu3+ 4.80 -21.81 -39.7 -60 
F- 4.2 -24.0 -26.5 -8 
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Latter on, Abuo Hamdan [67] demonstrated that calix[4]pyrrole and  possibly derivatives 
undergo degradation when using Hg(II) as the perchlorate salt.  
 
1.4.4 Receptors based on strapped calix[4]pyrroles 
 
Over the last decade, researchers have paid attention to the design and synthesis of a new 
class of calix[4]pyrrole systems , so-called strapped calix[4]pyrroles via the 1, 3-meso-carbon 
positions of the macrocycle. Such strapping systems have a very important advantage over 
unstrapped analogues systems in that the length and nature of the bridging straps can be modified. 
This in turn leads to create a well-defined binding domain as well as enhancing the affinity and 
selectivity of the receptor towards both anions and cations [68]. The first strapped calix[4]pyrrole 
system, 31 (Fig. 1.18) was synthesised by Lee’s group [69] in 2002. They investigated the anion 
binding properties for this system using 1H NMR (at 298 K in DMSO-d6) and ITC (at 298.1 K in 
acetonitrile) techniques. They reported a large downfield shift of the inner aromatic CH proton upon 
anion binding, revealing that the Ar-H along with the cavity are involved in Cl- and F- recognition 
through moderate strength hydrogen bonding. The stability constants for Cl- and F- at 298.1 K in 
acetonitrile were found to be 1.0×105 and 3.9× 106 respectively while the observed binding 
stoichiometry at ligand saturation in both cases was 1:1. 
Recently, Sessler et al. [70, 71] synthesised pyrrole and furan strapped calix[4]pyrrole 
receptors 32 and 33 (Fig. 1.18). They also carried out a comparative study of the halide and benzoate 
anion binding properties of 32 and 33 apart from the phenyl strapped calix[4]pyrrole receptor, 31 by 
means of 1H NMR and ITC measurements under the same conditions as mentioned above. Findings 
show that both, phenyl and pyrrole strapped calix[4]pyrrole receptors 31 and 32 displayed a higher 
affinity for  Cl- , Br- and PhCO2
- anions (as their tetra-n-butyl ammonium salts) relative to the furan 
strapped receptor 33. This was ascribed to the fact that the addition of CH hydrogen-bond donors to 
the benzene strapped receptor (31) or a pyrrolic NH donor to the calixpyrrole scaffold (receptor 32) 
enhances anion affinities of interest whilst the furan ring in the furan-strapped calix[4]pyrroles 
(receptor 33) has a negatives control for enhancing selectivity. 
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Fig. 1.18 A series of pyrrole, phenyl and furan‐strapped calix[4]pyrroles, 31-33. 
 
In 2009, Gale and co-workers [72] examined the Cl- ion (as tetra-n-ethylammonium salt) 
transport properties of a 1, 2, 3-triazole strapped calix[4]pyrrole, 34, in MeCN solution. They 
demonstrated that this receptor, 34 acts as a good membrane transporter for the Cl- ion. They also 
proved that this receptor, has a higher affinity for the Cl- ion than the parent calix[4]pyrrole. This 
improvement of the affinity towards the Cl- ion is due to the presence of a single 1, 2, 3 triazole 
hydrogen bond donor group.  
Shortly after, Gale’s group [73] synthesised another sets of strapped calix[4]pyrrole systems, 
35-37 (Fig 1.19) containing a strap composed of two 1, 2, 3-triazole groups. These groups are linked 
to each other through alkyl chains of different length (3-5 carbon atoms). These authors investigated 
the influence of the number of the strapped 1,2,3-triazole groups as well as the length of alkyl chains 
on the complexation of these receptors with Cl- ion as well as the transport properties for Cl- across 
the membrane. Their findings show that the complexation strength of the Cl- ion with receptors 35-
37 is higher than that of receptor 34. This is attributed to the presence of the additional triazole 
hydrogen-bond donors where receptors, 35-37 stabilise Cl- ion complexation by providing six 
hydrogen bonds, four from the calix[4]pyrrole NH protons while other two bonds from the triazole 
CH protons. This in turn leads to the Cl- ion becoming more tightly bound. However, findings show 
that increasing the length of the chain between 1,2,3-triazole groups in a strapped calix[4]pyrrole 
impacted considerably on the ability of these receptors, 35-37 to transport Cl- ion across the 
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membrane. This may be ascribed to desolvation effects resulting from alternating the hydrophobic 
property of the alkyl chain. 
 
Fig. 1.19 Chemical structures of 1, 2, 3-triazole-strapped calix[4]pyrroles 34-37.  
 
 
Samanta et al. [74] reported the synthesis of a strapped calix[4]pyrrole, 38 (Fig. 1.20) bearing 
di-ether strap linked via  alkyl chains. They also studied the binding properties of this receptor with 
halide, dihydrogen phosphate and acetate ions (as tetra-n-butyl ammonium salts) by 1H NMR and 
isothermal titration calorimetry (ITC) techniques using acetonitrile as the solvent at 303 K. Findings 
of this study show that, 38 has the highest preference for F- relative to Cl- and Br- ions (F- ˃ Cl- ˃ Br-
) whereas I- does not show any interaction with this receptor. Moreover, 38 exhibits enhanced 
binding towards CH3COO
− and H2PO4
− ions.  
However, receptor 39 (it was investigated under the same conditions) displays a relatively 
higher affinity towards Br- and lower towards the Cl- ion compared to 38 along with very strong 
preference for the F- ion. . This binding towards anions mentioned above may be attributed to the 
additional hydrogen bonding of oxygen atoms of flexible strapped calix[4]pyrrole as well as to the 
presence of aromatic CH in these two systems.  
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Fig. 1.20 Structures of strapped calix[4]pyrroles, 38 and 39. 
 
 
In 2012, Sessler, Gale, Lee, and co-workers [75, 76] reported complexation properties for 
two ion-pair receptors namely a di-benzo[18]crown-6 strapped calix[4]pyrrole, 40 and a di-
benzo[26]crown-8, strapped calix[4]pyrrole, 41. Such systems have two different binding 
recognition sites for both, anion and cation within a single molecular framework.  
Binding studies provided by means of 1H NMR of these two ion pair  receptors, 40 and 41 
in CD3CN and CDCl3 respectively revealed that both receptors form stable 1:1 complexes with the 
F- [40·F]- and the Cl- ion [40·Cl]- (as their tetra-n-butylammonium salts). It was also found that 
treatment the pre-complexed anions [40·F]- and [41·Cl]- with Cs+  ions in CD3CN led to the 
formation of stable ion pair complexes [Cs·40·F] and [Cs·41·Cl] where the Cs+ ion is bound to the 
cavity of the calix[4]pyrrole. In contrast, complete decomplexation was observed when pre-
complexed anions either [40·F]-  or [41·Cl]-  were treated with the Li+ and Na+ ions (as their 
perchlorate salts). On the other hand, no significant interaction was observed when precomplexed 
anions [40·Cl]- or [41·Cl] – were treated with Na+ and K+ ion salts, whereas the treatment of [40·Cl]- 
and [41·Cl]- with Li+ form  tight ion pair complexes [40·Li·Cl] and  a hydrated dimeric ion pair 
complex [41·LiCl- (H2O)]2 respectively due to the fact that this cation is bound to the crown moiety. 
These findings prove that the appropriate modification to the receptor framework as well as the 
nature of the co-bound cation and anion play a crucial role in defining the receptor-ion pair binding 
mode.  
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Fig. 1.21 Schematic representation of the effect of treating complex [40·F-] (TBA salt) with 
      perchlorate salts of various alkali-metal cations in 10% CD3OD in CD3CN mixture. 
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Fig. 1.22 Schematic representation of the complexation and de-complexation processes for  
                      [40·Cl-] (TBA) salt upon exposure to various alkali metal cations (as perchlorate   
                      salts) in CD3CN. 
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Fig. 1.23 Schematic view of the varying complexation behavior for the chloride complex 
([41·Cl-]; TBA salt) upon exposure to various metal cation perchlorate salts in 
acetonitrile. M1+ = K+ and Li+; M2+ = Mg2+, and Ca2+; M2+Cl- = MgCl2, and CaCl2.   
   
 
More recently, Kim and co-workers [77] reported the synthesis of cage-type calix[4]pyrroles 
(42 and 43) bearing two additional pyrrole groups on the strap. They also investigated the ability of 
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these receptors to interact with anions, such as halides (F-, Cl-, Br- and I-), nitrate (NO3
−), 
dihydrogenphosphate (H2PO4
−), and pyrophosphate (HP2O7
3−) anions (as the tetra-[-
methylammonium salts) via 1H NMR in CD2Cl2. Findings revealed that receptors 42 and 43, were 
found to exhibit significantly enhanced affinities for the above-mentioned anions more than tenfold 
higher than that observed with the parent calix[4]pyrrole. This increase in affinity was attributed to 
the presence of two additional hydrogen bond donors provided by the bi-pyrrole which allows anion 
encapsulation. 
 
Fig. 1.24 Structures of bi-pyrrole strapped calix[4]pyrroles. 
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1.5 Removal of pollutants using calix[4]pyrrole based materials  
The presence of heavy metals such as lead, mercury, and cadmium at high concentrations in 
the environment has become a major concern for all countries because they are considered to cause 
serious health problems to humans [78-80]. Therefore, it is necessary to setup reliable analytical 
methods for the removal of these polluting ions from the ecosystem. The most commonly used 
methods for the removal of trace elements involve chemical precipitation, ion exchange, solid-liquid 
extraction, and liquid–liquid extraction processes [81, 82]. In recent years, the solid-liquid extraction 
process has become one of the methods widely used for the treatment of wastewater as compared to 
other methods. This is attributed to several advantages such as ease of operation, high recovery of 
the extracting agent, low cost and rapid phase separation [83]. Therefore, the need for the design 
and synthesis of inexpensive and environmental friendly materials as solid-phase extracting agents 
for removing toxic pollutants from water has become a priority issue in the environmental field.  
A number of researchers have designed and synthesised various materials for metal ion 
extraction processes. These materials involve activated carbon [84], silica gel [85], and alumina 
[86]. Polymeric resins based on calix[4]pyrroles appear to be particularly useful for the extraction 
of polluting ions from water due to  their easy preparation and modification. 
A few reports have been published in the literature about some polymeric resins containing 
calix[4]pyrrole macrocycles. In 1998, Sessler et al. [87] reported the binding characteristics of 
anions with polymeric systems containing amidocalix[4]pyrrole attached to silica gel as a solid 
support, 44 and 45 (Fig. 1.25). The results revealed that these systems could be optimized for use in 
the separation of anions. 
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Fig. 1.25 A silica based material containing amidocalix[4]pyrrole functionalities  
Table 1.3 shows the results obtained by using these two amidocalix[4]pyrroles modified 
silica as a solid support in a HPLC column for the separation of anions such as fluoride, chloride, 
dihydrogen phosphate and hydrogen sulfate.  
 
Table 1.3 Retention of anions as tetra-n-butyl ammonium salts by 
                    amidocalix[4]pyrroles modified silica 44 and 45 at 298 K 
 
 
 
 
 
 
 
 
 
 
 
 
Danil de Namor and Shehab [88] reported the preparation of resins containing 
calix[4]pyrrole through its i) immobilisation on vinyl benzyl chloride/divinyl benzene co-polymer, 
ii) co-polymerisation of calix[4]pyrrole with methyl methacrylate and divinylbenzene and iii) 
condensation with formaldehyde. In all three cases insoluble crossed-linked materials were obtained. 
The materials 46, 47 and 48 (Fig. 1.26) were used as extracting agents for the separation of anions 
from water such as F-, Cl-, Br-, I-, H2PO4
-, HSO4
- and H2AsO4
-. The results showed that these 
materials are able to extract F- and H2AsO4
- ions more efficiently than other anions.  
Anion 
Elution times (min) 
44 45 
Cl-(b) 17.9 ± 0.1(a) 15.2 ± 0.1(a) 
H2PO4
-(b) 22.0 ± 0.1(a) 20.1 ± 0.1(a) 
HSO4
- (b) 16.2 ± 0.1(a) 16.2 ± 0.2(a) 
F- (b) 16.9 ± 0.1(a) 16.4 ± 0.2(a) 
 
(a) Times given for individual elution of tetra-n-butylammonium anions. 
(b) Anions were eluted as 1mM CH3CN solutions of their tetra-n-butylammonium 
salts under the following experimental conditions: 
 Mobile phase CH3CN; Flow rate 0.40 cm3 min-1; Detection by conductivity 
and column temperature, 298 K. 
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Fig 1.26 Structure of the resins containing calix[4]pyrrole, 46-48. 
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Andrzej et al. [89] reported the synthesis of a hybrid calixpyrrole chelating resin containing 
calix[4]pyrrole[2]thiophene attached to the polymeric backbone VBC/DVB copolymer, 49 (Fig. 
1.27). They also reported that this resin has strong affinity for noble metal cations such as Au3+, Ag+, 
Pt4+, and Pd2+ over other metal cations including Cu2+, Pb2+ and Cd2+. This may be due to the 
presence of soft electron pair donor sulfur atoms in the calix[4]pyrrole[2]thiophene receptor as well 
as the match between the size of the macrocycle and the radius of these noble metal cations. The 
highest removal capacity was found for Au3+ (35 mg.g-1). 
 
 
 
 
 
 
 
 
 
 
Fig. 1.27 Structure of the resin containing calix[4]pyrrole[2]- 
              thiophene immobilised on VBC/DVB copolymer 
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However, Danil de Namor and Abbas [90] synthesised a new dimer containing meso-
tetramethyl-tetrakis (thiophene) calix[4]pyrrole, 50 by the condensation of the meso-tetramethyl-
tetrakis(thiophene)calix[4]pyrrole with formaldehyde in the presence of H2SO4 (Scheme 1.4). The 
selection of this receptor is based on the fact that compounds containing sulfur atoms which are 
considered as soft atoms are able to interact with soft metal ions such Hg(II). Therefore, they 
investigated the ability of this receptor to uptake Hg2+ ion salts from aqueous media, they concluded 
that this receptor is efficient for the removal of Hg(II) from aqueous solutions. The maximum 
removal percentage of Hg(II) and the capacity of the dimer to uptake Hg(II) were found to be 68% 
and 0.29 mmol g-1 respectively. The Hg2+ ion uptake data were found to fit both, the Langmuir and 
Freundlich isotherms. In addition, the results obtained indicated that the extraction process for Hg2+ 
ion using this dimer is strongly dependent on parameters such as amount of dimer, metal-ion 
concentration, contact time, pH and temperature.  
Scheme 1.4 Dimerisation of meso-tetra methyl-tetrakis (thiophene) calix[4]pyrrole. 
 
In 2008, Sessler and co-workers [91] synthesised a polymethyl methacrylate (PMMA) 
polymer containing calix[4]pyrrole, 51. The production of this receptor was used in the extraction 
of anions from aqueous solutions. Extraction studies demonstrated that this polymer was not able to 
extract tetra-n-butylammonium fluoride and chloride salts unlike dihydrogen phosphate from their 
aqueous solutions. This indicates that the polymer extracts the more hydrophobic anions according 
to the Hofmeister bias [92].  
H H
HH
H
H
H
H
H
H
H
H
H
CH3
HCHO/H2SO4
 
50 
 
INTRODUCTION                                                                                                                       1 
 
35 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.28 Polymethyl methacrylate (PMMA) polymer containing pendant calix[4]pyrrole, 51. 
  
              In 2009, Vinod and co-workers [93] synthesised two resins through immobilization of a 
calix[4]pyrrole derivative on the surface of Amberlite XAD-2 polymer by azo linkage (52 and 53). 
These resins showed good potential for extracting metal ions such as Cu2+, Zn2+ and Cd2+ from 
aqueous samples over a wide pH range. Findings also revealed that the resin, 53 has greater affinity 
and high capacity towards the metal ions under study as compared to resin 52 under the same 
optimised conditions. These variation in affinity and capacity may be due to the presence of more 
azo groups in resin 53 than in 52 that in turn leads to increase the extraction properties for metal 
ions. 
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Fig. 1.29 Structures of two azocalix[4]pyrrole Amberlite XAD-2 polymeric resins 
 
In 2011, novel copolymers of styrene with different ratios of chloromethylstyrene, 54 have 
been synthesised under conditions of free-radical polymerization using azo-bis-isobutyronitrile as 
the initiator [94]. The products of such reactions were converted to their azido derivatives 
quantitatively by treatment with sodium azide, NaN3. Then, these co-polymers were reacted with an 
alkyne functional calix[4]pyrrole in the presence of CuSO4.5H2O and sodium ascorbate. In addition, 
these co-polymers containing calix[4]pyrrole pendant units were used in the extraction of F-, Cl- and 
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CH3CO2
- anions (in the form of their tetra-n-butylammonium salts) from aqueous solutions. Results 
revealed that these are able to effectively remove these anions from aqueous solutions. This may be 
attributed to an increase in their capacities or to an improvement in their selectivity for certain 
species. 
More recently, Abbas and co-workers [95] reported the extraction ability of resin, 55 (it has 
a similar structure to resin, 48 but R = OCH2CH2OCH2CH3) for Pb
2+ from aqueous solution. 
Findings show that this resin has a great potential for the removal of Pb2+ from polluted water. The 
removal capacity of this resin for Pb2+ was found to be 80 mg g-1 at 298.15 K. Also, this removal 
process was influenced by experimental extraction parameters such as mass of resin, Pb2+ 
concentration of the salt in the aqueous solution, temperature and kinetics of the process. 
 
1.6  Extraction isotherm models 
In general, three equilibrium adsorption isotherms, namely, Langmuir, Freundlich and 
Dubinin‐Redushkevich (D‐R) models [96] are commonly used for analysing extraction equilibrium 
data. Detailed information regarding these models are given below.  
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Fig. 1.30 Poly(styrene)s containing  pendant calix[4]pyrroles. 
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1.6.1 Langmuir isotherm model 
The Langmuir model is usually applied to describe the nature of the extraction process of the 
adsorbate onto the surface of the adsorbent. This model assumes that the surface of the adsorbent 
has a specific number of sites on which the target species can be adsorbed. The adsorption process 
is based on a model consisting of a homogeneous surface forming only one layer of the adsorbate 
species to the surface of the adsorbent (monolayer adsorption) without interactions between the 
adsorbed species. Furthermore, this model estimates the maximum adsorption capacity 
corresponding to the complete monolayer coverage of the adsorbate on the adsorbent surface [97]. 
The following equation is representative of the Langmuir model:  
 
1
qe
=
1
𝑏qm𝐶𝑒
+
1
qm
                           [1] 
In eqn. 1, Ce, qe, qm and b denote the equilibrium metal ion concentration in solution 
(mmol.dm-3), the amount of adsorbed species (mmol.g-1), the maximum monolayer extraction 
capacity for the solid phase loading (mmol.g-1) and the energy related to the heat of extraction 
(dm3.mmol-1) respectively. 
However, the shape of the Langmuir isotherm can be represented by a dimensionless 
constant, commonly known as the separation factor (RL), which can be expressed in terms of eqn. 2 
[98]: 
𝑅𝐿 =
1
1+ 𝐾𝐿𝐶𝑖
                    [2] 
In eqn. 2, Ci denotes the initial metal ion concentration (mol. dm-3) while KL is the Langmuir 
constant related to the energy of adsorption.  
The RL value indicates the nature of the adsorption process. If the RL value is larger than one 
(RL > 1), the adsorption process is favourable. However, if the RL value equals to unity (RL= 1), the 
adsorption process is linear whereas it is irreversible for RL value equals to zero (RL = 0). 
 
1.6.2 Freundlich isotherm model 
The Freundlich isotherm model [99] describes the adsorption of the target species from a 
liquid to a solid surface of adsorbent. It assumes that the adsorption process involves a heterogeneous 
energetic distribution with different binding sites in the solid surface of adsorbent [100]. This 
isotherm model can be expressed by the following equation (eqn. 3):  
 
𝑙𝑛𝑞𝑒 = 𝑙𝑛 𝑘 +
1
𝑛
𝑙𝑛𝐶𝑒         [3] 
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In eqn. 3, k denotes the Freundlich constan related to the adsorption capacity while n is the 
Freundlich constant related to the adsorption intensity. 
A 1/𝑛 value between 0 and 1, indicates that the adsorption process is favourable under the 
studied conditions, while a 1/n = 0, reflects that the partition between adsorbate and the adsorbent 
does not depend on the concentration of the adsorbate, a 1/𝑛=1 corresponds to a linear process. 
When the 1/𝑛 value is higher than one (1/𝑛 > 1), then the adsorption is a chemical process while a 
1/𝑛 value lower than one (1/𝑛 < 1) is indicative of a physical process [101]. 
1.6.3 Dubinin-Radushkevich isotherm model 
The Dubinin‐Redushkevich (D‐R) isotherm model [102, 103] is usually employed to predict 
the mechanism of adsorption in addition to the discrimination between the physical and chemical 
adsorption of ions by adsorbent through the calculation of the energy of adsorption distributed onto 
a heterogeneous surface. The D‐R isotherm model equation can be written as:  
 
ln𝑞𝑒 = ln 𝑞𝑚 + 𝛽𝜀
2              [4] 
 
In eqn. 4, qm is the maximum adsorption capacity upon complete saturation of the adsorbent 
surface (mmol.g-1) and β is the activity coefficient related to the mean Gibbs energy of adsorption 
(mol2/kJ2). Both qm and β can be obtained from the intercept and slope respectively of a plot of ln qe 
versus 𝜀2. The Dubinin–Radushkevich isotherm constant, 𝜀 (J.mol) is related to the equilibrium 
concentration and can be calculated by eqn. 5:  
 
ε = RT ln(1 +
1
𝐶𝑒
)         [5] 
In eqn. 5, R is the gas constant (8.314 J/Kmol) and T is the absolute temperature in Kelvin. 
However, the adsorption mean Gibbs energy (E, kJ.mol-1) can be computed as:  
 
E =
1
√−2𝛽
                      [6] 
For a mean Gibbs energy value, if E is in the 8 to 16 kJ.mol-1 range, the adsorption 
mechanism is considered to correspond to a chemical process while an E value smaller than 8 kJ.mol-
1 is considered to be indicative of a physical process [104]. 
Having discussed the work already carried out on the extraction of calixpyrrole-based 
materials and some of the models used for the interpretation of the process, the next section gives 
an account on calix[4]arenes. 
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1.7 Calix[4]arenes.                    
1.7.1 Background information. 
 
 
Calix[4]arenes were first discovered by Zinke in 1942 [105]. In 1970’s, Gutsche first 
reported the synthesis of calix[4]arenes using the condensation reaction of formaldehyde with p-
substituted phenols (p-alkyl phenols) under basic conditions as illustrated in Scheme 1.5 [106]. 
 
 
 
 
 
 
 
 
 
Scheme 1.5 Synthesis procedure for the preparation of calix[4]arenes  
 
As shown in Fig. 1.31, the name calix[n]arenes consists of two parts, ‘Calix’ derived from 
the Greek word meaning ‘vase’ while ‘arene’ indicates the presence of aryl groups in the 
macrocyclic arrangement linked to the methylene bridges in o-position. Generally, the 
calix[n]arenes contain regions which are hydrophlilic regions in the lower rim and hydrophobic 
region in the upper rim. Usually, the calix[n]arenes have four, six or eight phenol units in the 
annulus. However, the increase in the number of phenol units leads to disorder in the shape of the 
‘calix’ [107].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.31 General structure of calix[4]arenes [107]. 
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1.7.2 Properties of calix[4]arenes. 
Calix[4]arenes can exist in four conformations which are similar to calix[4]pyrroles namly 
‘cone’, ‘partial-cone’, ‘1,2-altemate’  and ‘1,3-altemate’  conformations (Fig. 1.32).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.32 Four conformations of calix[4]arenes [108]. 
 
The classification of the conformational properties of calix[4]arenes can be easily assigned 
by its 1H and 13C NMR spectra (Fig. 1.33) [109]. In the ‘cone’ conformer, the peaks of the bridging 
methylene groups appear as two doublets at around 3.33 and 4.30 ppm in the 1H NMR spectra while 
in the 13C NMR spectra one signal is found at around 31 ppm. In the 1,2-alternate conformer, two 
doublets at around 3.33 and 4.30 ppm and a singlet between 3.7 and 4.0 ppm are seen in the 1H NMR 
spectra, whereas in the 13C NMR spectra the chemical shift for the methylene carbons appear as two 
signals at around 31 and 38 ppm. The ‘partial cone’ conformer shows a similar pattern to the the 
‘1,2-alternate’ conformer. 
The 1, 3-alternate conformer often appears as a broad singlet at around 3.7-4.0 ppm for the 
bridging protons while its carbon signal appears around 38 ppm in the 13C NMR spectra [110].  
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Fig. 1.33 Patterns of signals expected in the 1H and  
13C NMR spectra of the four conformations of calix[4]arenes [109].  
 
The parent calix[4]arene in solution and in the solid state has the same stable ‘cone’ 
conformation due to the presence of a circular array of hydrogen bonds between the four phenolic 
hydroxyl groups where each one acts as a donor and acceptor simultaneously. In addition, the ‘cone’ 
conformation can be interconverted (as shown in Fig. 1.34) because of the phenol units of 
calix[4]arene (lower rim), rotating around the Ar-CH2-Ar bonds which allow the hydroxyl groups 
passing through the cavity annulus of the ring or a methylene units [111]. This interconversion of 
conformers can be hindered through a block of the two rims (upper and lower rim) which allow the 
movement by substituting large bulky groups at one or both rims which are unable to pass through 
the cavity annulus of the ring or by methylene units.  
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Fig. 1.34 Cone-to-cone ring inversions of calix[4]arene [111]. 
 
 
1.7.3 Modification of calix[4]arenes.  
Since calix[4]arenes have the alternating units of phenol and methylene group together with 
characteristic conformational properties, it can be easily chemically modified in two places. These 
two substitutions can take place at the lower or narrow rim (phenolic hydroxyl groups) and on the 
upper or wider rim (p-position to the OH-groups). As a result, new receptors containinig different 
functional groups can be introduced. However, functionalization at the upper rim is more difficult 
than that of the lower rim because it requires protection of the hydroxyl groups (lower rim) [112].  
A wide variety of functional groups such as ester, ketone, amine and amide can be introduced 
into p-tert-butyl-calix[4]arenes in order to produce new lower rim derivatives which have ability for 
selective interactions towards metal cations. Danil de Namor and coworkers [113] published the 
synthesis of a variety of amino p-tert-butyl calix[4]arene derivatives (Fig. 1.35, 56-61) . They 
reported the characterisation and complexing properties of these receptors with metal cations such 
as Na+, K+, Ba2+, Hg2+, Pb2+ and Cd2+ in methanol as the reaction medium. This solvent was selected 
because it is the most 'water-like' solvent whereas these ligands are non-water soluble. 1H and I3C 
NMR characterisation obtained indicated that these receptors exist in a ‘cone’ conformation. The 
results also revealed that the nitrogen atoms are responsible for the interaction of metal cations such 
as Hg2+, Pb2+and Cd2+. This may be attributed to an inductive effect influence by the nitrogen atoms 
upon complexation. On the other hand, hard metal cations such as Na+, K+ and Ba2+ do not interact 
with these ligands.  
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In 1998, Danil de Namor and co-workers [114] published a review which involves 
information about the solution thermodynamics of calixarenes and their derivatives, 62-67 (Fig. 
1.36) as well as the complexation of these ligands with various guests (cations, anions, and neutral 
species) in different reaction solvents. Table 1.4 shows thermodynamic parameters values associated 
with the complexation processes resulting of interacting calix[n]arenes and their derivatives (Fig. 
1.26) with guest (metal cations) in different solvents at 298.15 K.  
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Fig. 1.35 Structure of p-tert-butyl calix[4]arene amino derivatives 
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Fig. 1.36 The structures of calix[n]arenes derivatives [93]. 
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Fig. 1.36 The structures of calix[n]arenes derivatives [93]. 
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Table 1.4 Thermodynamic parameters of complexation of calixarene  
derivatives with metal cations in nonaqueous solvents at 298.15 K [114]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ligand Guest Solvent log Ks Method 
∆cGo, 
(kJ mol-1) 
∆cHo, 
(kJ mol-1) 
∆cSo, 
(J K mol-1) 
62 
Li+ 
MeOH 2.6 spect -14.8 5.1 66.7 
MeCN 6.2 pot -35.4 -48.8 -44.9 
PhCN 5.5 
cal 
(micro) 
-31.3 -57.2 -86.7 
Na+ 
MeOH 5.0 spect -28.5 -45.6 -57.2 
MeCN 7.8 cal -44.4 -69.2 -83.3 
PhCN 7.6 Pot. -43.2 -50.7 -24.9 
K+ 
MeOH 2.4 spect -13.7 -14.2 -1.7 
MeCN 4.0 cal -23.1 -45.8 -76.1 
PhCN 3.5 cal -20.0 -23.2 -10.6 
Rb+ 
MeOH 3.1 spect No heat was detected 
MeCN 2.1 spect -11.7 -23.3 -39.0 
Cs+ 
MeOH 2.7 spect No heat was detected 
MeCN 2.8 spect -16.0 -11.5 15.1 
63 
 
Li+ 
PhCN 4.4 cal -25.0 -21.0 13.1 
MeCN 3.7 spect No heat was detected 
Na+ 
PhCN 5.31 cal -30.3 -29.2 3.8 
MeCN 3.5 spect No heat was detected 
K+ 
PhCN 6.1 cal -35.1 -47.7 -42.4 
MeCN 5.1 spect No heat was detected 
Rb+ 
PhCN 4.8 cal -27.2 -29.7 -8.2 
MeCN 4.8 spect 
No heat was detected 
Cs+ MeCN 4.3 spect 
64 
 
Li+ 
MeOH 2.7 spect 
No heat was detected 
MeCN 5.8 spect 
Na+ 
MeOH 5.1 spect 
MeCN 5.6 spect 
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Table 1.4 (Continued) 
Ligand Guest a Solvent log Ks 
b Method 
∆cGo, 
(kJ mol-1) 
∆cHo, 
(kJ mol-1) 
∆cSo, 
(J K mol-1) 
64 
 
K+ 
MeOH 3.1 spect 
No heat was detected 
MeCN 4.4 spect 
Ag+ 
MeOH 4.7 spect 
MeCN 2.4 spect 
65 
 
Li+ 
MeOH 4.1 cal -22.2 -7.0 50.0 
MeCN ≥8.5 pot. ≥-48.4 -55.0 ≥-22.0 
Na+ 
MeOH 7.9 pot. -45.0 -50.6 -20.0 
MeCN ≥8.5 pot. ≥-48.4 -79.0 ≥-103 
K+ 
MeOH 5.8 pot. -33.1 -42.4 -31.0 
MeCN ≥8.5 pot. ≥-48.4 -64.0 ≥-52.0 
Mg2+ MeOH 1.2 spect No heat was detected 
Ca2+ MeOH ≥9 pot. ≥-51.3 -25 ≥88.2 
Sr2+ MeOH ≥9 pot. ≥-51.3 -10.0 ≥138.6 
Ba2+ MeOH 7.2 pot. -41.0 2.5 144.0 
66 
 
Li+ MeOH ≤1 spect 
No heat was detected 
Na+ MeOH ≤1 spect 
Cs+ MeOH 4.2 cal -24.0 -23.0 2.0 
K+ MeOH 2.13 spect No heat was detected 
67 
 
K+ 
MeOH 4.1 spect -23.4 -31.7 -28.0 
MeCN 4.12 spect -23.5 -17.0 23.0 
Rb+ 
MeOH 4.3 spect -24.5 -52.0 -92.0 
MeCN 4.41 spect -25.1 -25.2 1.0 
Cs+ 
MeOH 4.8 spect -27.0 -56.2 -98.0 
MeCN 4.9 spect -27.9 -29.7 -6.0 
 (a) MeOH, methanol; MeCN, acetonitrile; PhCN, benzonitrile; PhNO2, nitrobenzene. 
(b) cal, titration calorimetry; spect, UV spectrophotometric method; pot., competition potentiometry 
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In 2011, Danil de Namor et al. [115] investigated the thermodynamics of complexation of 
lower rim partially functionalized calix[4]arene, 68 (Fig. 1.37) and metal cations such as Ag+ and 
Hg2+ ions in MeCN and DMF at 298.15 K by isothermal titration calorimetry (ITC). The stability 
constants (Ks) for the processes  in MeCN showed that the capacity of 68 to host Hg
2+ ion (two Hg2+ 
ions are taken per unit of 68) is greater than that for the Ag+ ion (one Ag+ ion is taken per unit of 
68). Furthermore the value of Ks for the 1:1 complex of Hg
2+ is higher than that of Ag+ ion. This 
clearly indicates that 68 is selective for Hg2+ ions relative to Ag+ ion.  
However, a different behaviour is observed in DMF where both Ag+ and Hg2+ ion display a 
similar stability in their complexation. The hosting capacity of the 68 towards Hg2+ ion has decreased 
(1:1 complex). Also, the stability constant of the 1:1 complex of Hg2+ ion does not change 
significantly in moving from MeCN to DMF solvent. On the other hand, the stability constant of 
complexation of Ag+ ion ith 68 (1:1 complex) is weaker in MeCN relative to DMF solvent. This 
may be attributed to the higher solvation of the Ag+ ion in the former relative to latter solvent as 
well as the higher solvation of the Ag+ ion complex in DMF than in MeCN. 
The above mentioned results were compared with those involving analogous calix[4]arene 
derivatives 69 and 70 in the same solvents at 298.15 K. Thus, the stability constant values of complex 
formation (1:1 complex) of Ag+ and Hg2+ ions and these ligands in MeCN and DMF decrease in the 
following sequence; 
70 > 69 > 68 
 
This may be attributed to the absence of the ethylene group between the ethereal oxygen and 
the thio-carbamoyl functional group in 68 which plays an important role in diminishing the 
flexibility of the functionalized pendant arm in contrast to the presence of such group which allows 
the metal cation to interact with the donor atoms of the functionalized arm as well as the 
neighbouring oxygen atoms of the OH functionality.  
Fig. 1.37 Structure of lower rim partially and fully functionalised calix[4]arene derivatives 
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Recently, Danil de Namor and co-workers [116] reported a variety of p-tert-butyl 
calix[n]arene (n = 4-6) tertiary amide derivatives modified at lower rim (Fig. 1.38, 71-73). They also 
investigated 1H NMR characterisation and complexation properties (1H NMR, conductance and 
thermodynamics) of these receptors with metal cations in methanol and acetonitrile at 298.15 K.  
The results indicated that on increasing the number of phenyl units in the macrocycle receptor the 
selective recognition of macrocycles for cations is altered.  
 
Fig. 1.38 Structure of p-tert-butyl calix[n]arene (n = 4-6) tertiary amide derivatives 
 
On the other hand, a Friedel Craft de-tert-butylation reaction is one of the important 
modifications used to functionalise the upper rim through the removal of the p-tert-butyl groups 
from the p-position of the calix[4]arene. This procedure can be carried out through reacting p-tert-
butyl calix[4]arene with aluminium chloride and phenol in toluene as solvent (Scheme 1.6). This 
process leads free p-positions which can be functionalised by a wide range of electrophilic 
substitution reactions [117, 118]. Ungaro and co-workers were the first to functionalise the upper 
rim of p-tert-butyl-calix[4]arene with carboxymethyl ether [119]. 
 
 
 
 
 
 
 
 
 
Scheme 1.6 Friedel Crafts trans-alkylation (de-tert-butylation) of calix[4]arenes. 
OH OH
Phenol, AlCl3
Toluene, r.t.
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Following a brief introduction of calixpyrroles and calixarenes, the following section 
discusses their use for the production of Hg(II) ion selective electrodes.  
 
1.7.4 Calix[4]arene strapped calix[4]pyrrole receptors 
 
Over the past few years, increasing attention has been devoted to the design and synthesis 
ion pair receptors are so-called calix[4]arene strapped calix[4]pyrrole systems which are able to 
recognize both cations and anions. Such these multitopic ion-pair receptors generally recognize and 
bind cations and anions via three different limiting modes namely, contact ion pair (Fig. 1.39, a), 
solvent separated ion pair (Fig. 1.39, b), and receptor-separated ion pair (Fig. 1.39, c) [120]. These 
different ion-pair binding arrangements are mainly based on many factors such as the size of the 
ions, distance between the anion and co-bound or counter-ion, the nature of the recognition sites and 
the solvent used.  
 
Fig. 1.39 Different ion-pair binding modes: (a) contact ion pair, (b) solvent 
separated ion pair, and (c) and receptor-separated ion pair. The notations A-, 
      M+ and sol denote the anion, the cation and the solvent respectively [120]. 
 
          Sessler and co-workers [120] reported the first receptor namely crown ether calix[4]arene 
strapped calix[4]pyrrole receptor, 74 (Fig. 1.40). This receptor bears two strong ion binding sites (a 
calix[4]arene-crown-6 for the Cs+ cation recognition and a calix[4]pyrrole for anions). The 1H NMR 
spectra analysis using CD3OD/CDCl3 (1/9, v/v) revealed that this receptor acts as an ion pair receptor 
through forming a stable 1:1 CsF complex.  The X-ray diffraction analysis showed that there was a 
large separation between the F- and the Cs+ (as solvent separated ion pair mode) where the Cs+ cation 
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is bound within the crown ether strap whereas the F- anion is hydrogen-bonded to the pyrrole NH 
protons of the calix[4]pyrrole subunit.  
 
 
Fig. 1.40 Binding modes for receptor 74 and various salts of Cs+ and F- that 
                     are proposed to be operative in CD3OD/CDCl3 (1/9, v/v). 
 
After shortly, Sessler’s group [121] also reported a crown-free ion-pair receptor, 75. Findings 
obtained from both single-crystal X-ray diffraction and 1H NMR analyses in CD3OD show that the 
receptor 75, forms a stable solvent-separated ion pair 1:1 complex with CsF (Fig. 1.41) in a different 
way as compared to what was seen in the case of 74 in the same solvent mixture. It was also found 
that the Cs+ cation binds within the receptor pocket or the ethylene glycol moieties linked between 
the calix[4]pyrrole and the calix[4]arene subunit. 
However, the binding properties of this receptor, 75 was also investigated with other cesium 
salts, such as CsCl, CsBr, and CsNO3. The results show that this receptor has selectivity for CsF 
over the Cs+ salts of Cl-, Br-, and NO3
-. This indicates that the nature of the ion pair complex depends 
strongly on the counter-anion. Moreover, receptor 75 is able to stabilize three different ion-pair 
binding modes with Cs+ when the counter-ions are Cl-, Br-, and NO3
-. 
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Fig. 1.41 Proposed binding behavior of 75 toward a CsF ion pair in CD3OD/CDCl3 (1:9, v/v). 
 
In 2012, Sessler’s [122] group also reported the ion-pair receptor, 76 (Fig. 1.42) which has 
one oxygen atom less in the calix[4]arene crown ring (a calix[4]arene crown-5 strapping moiety) 
than ion-pair receptor 74 (a calix[4]arene crown-6 strapping moiety) in an effort to understand the 
correlation between receptor structure and ion pair binding function. Findings obtained by 1H NMR 
spectroscopic studies and X-ray crystal diffraction analysis demonstrate that this receptor, 76 is able 
to form 1:1 ion pair complexes with the test cesium and potassium salts including KF, KCl, KNO3, 
CsF, CsCl and CsNO3 salts in CD3OD/CDCl3 solution (1/9, v/v).  
In all these cases of ion pair salts of interest, it was found that the cation is complexed within 
the calix[4]arene crown-5 strapping moiety of receptor 76 whereas the anion is complexed via the 
calix[4]pyrrole NH protons of this receptor. In the cases of KF, KCl, KNO3, it was found that the 
K+ cation is complexed to the calix[4]arene crown-ring prior to the anions being bound, when 
studied in a solution of 10% methanol in chloroform (a mixture chosen for reasons of solubility). 
However, different binding modes were found when receptor 76 binds with CsX (X= Cl- and 
F-), KNO3 and KX (X= Cl
-, F-) to produce complexes (Fig. 1.42). This indicates that this receptor 
recognizes Cs+ and K+ cations via two cation binding sites which in turn lead to have differing 
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selectivity and affinity towards these different cations. Having discussed the results reported for 
calixarenes and calixpyrroles, some of their applications in the design of ion selective electrodes in 
the next section. 
 
Fig. 1.42 Binding modes of 76 proposed to exist in the absence and presence of various 
                 K+ and Cs+ salts as inferred from 1H NMR spectroscopic studies carried out in 
                         CD3OD/CDCl3 (1/9, v/v) mixtures. 
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1.8 Theory of ion selective electrodes (ISEs)  
1.8.1 Brief account of ion selective electrodes  
 
The beginning of ISEs emerged in the 1900s with the discovery of a pH glass electrode which 
shows selectivity for hydrogen ions (𝑎𝐻3𝑂+) in aqueous solutions [123]. It was first reported in 1906 
by Cremer [124]. He found that the electromotive force (EMF) of a galvanic cell containing a thin 
glass membrane separating the two electrodes depends on the hydrogen ion activity. In 1909, the 
first description of a pH selective glass electrode was introduced by Haber and Klemensiewicz [125].  
In 1932 the modern glass pH electrode was the first commercial chemical sensor introduced on the 
market by Arnold Beckman [126]. He also inserted a high input impedance amplifier for its 
operation in order to overcome its very high resistance (millions of ohms) caused by its thin glass 
membrane. In 1937, the first solid-crystal membrane (silver halide disc) electrode was made by 
Kolthoff and Sanders [127]. In the late 1950s, glass sensitive electrodes to a variety of cations such 
as Na+, K+, Ag+, NH4
+, T1+, Li+, and Cs+ were developed by Eisenman and co-workers [128].  
In the early 1960s, Pungor and co-workers [129] reported their first paper on AgI-based 
electrodes as well as developed the first commercial solid state ion selective electrode. In 1964, 
Sollner and Shean [130] first used a liquid membrane containing a dissolved ion exchanger. In 1966, 
the first solid-membrane ion selective electrode was discovered by Frant and Ross [131]. They found 
that the presence of fluoride ions in aqueous solution can be sensed by a slice of a single crystal of 
lanthanum fluoride (LaF3) connected to the end of an electrode. They also developed a pressed 
powdered type of membranes such as a silver sulphide disc using a sparingly soluble salt. This type 
of electrode does not require the need to grow a single crystal [132].  
In 1970, Ruzicka et al. produced the first liquid state electrode using carbon [133]. In 1973, 
Mesaric and Dahmen [134] developed a simple electrode using a spectral grade graphite powder, 
Nujol oil or paraffin wax and metal salts of low solubility such as silver sulphide (Ag2S), silver 
chloride (AgCl) and silver bromide (AgBr) in a plastic body. In the early 1980s, Heineman et al 
[135], first discovered the use of a carbon paste electrode chemically modified with polymeric films 
(CMCPE). Since then, research in the field of ion selective electrodes for cations, anions and drugs 
has progressed significantly [136-138].  
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I.8.2 Introduction to ion selective electrodes  
 
Ion selective electrodes (ISEs) are an important class within the group of electrochemical 
tools. ISEs are widely used in diverse fields such as clinical, environmental analysis and process 
control. This is because they offer a variety of unique advantages such as inexpensive, simple 
analytical techiniques, sample to operate, fast, non-destructive and reproducible as well as non 
effective by colour or turbidity, wide linear dynamic range selective and sensitive of various ionic 
species. ISEs are mainly based on the selective recognition of the target ion (the primary ion) in the 
presence of other ions. A potentiometric ISE electrochemical cell consists of two electrodes the 
indicator electrode (ISE) and the reference electrode. The potential adopted by the indicator 
electrode (ISE) is measured relative to a stable reference electrode of constant potential as no current 
flow takes place when immersed in a sample solution containing an analyte ion. Fig. 1.43 shows the 
conventional construction of an electrochemical cell containing ISE [139, 140].  
 
 
 
Fig. 1.43 Schematic diagram of an ISE cell [141]. 
 
At equilibrium, the potential developed for the ISE cell is usually expressed by the Nernst 
equation (eqn. 7): 
 
𝐸𝑐𝑒𝑙𝑙 = 𝐾 +
2.303𝑅𝑇
𝑍𝐴𝐹
 𝑙𝑜𝑔 𝑎𝐴         [7] 
 
In eqn. 7, Ecell is the measured total potential (EMF) of a cell by a voltmeter (in volt).  
External reference electrode//test solution/membrane/internal reference electrode 
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𝐾 is the sum of all constant potentials of the cell.  
zA is the charge of the primary ion A 
𝑎𝐴  is the activity of the primary ion A  
R is the gas constant (8.314 J/K.mol)  
T is the temperature in Kelvin 
F is the Faraday’s constant (96,487 Coulombs mol-1) 
From the Nernst equation, it can be clearly seen that the response of an ISE varies linearly 
with the activity (in logarithmic units) of an analyte ion in solution. Also, the ISE response can be 
studied through a calibration curve by plotting ECell, versus log aA. The ideal slope of a calibration 
curve (a Nernstian behaviour) is 0.059/z when the activity of an analyte ion changes by a ten-fold at 
298.15 K. This is 59 and 29.5 mV/decade for monovalent and divalent ions respectively. However, 
the activity of a single ion in the solution (𝑎𝑖) is related to the ion molar concentration (𝑐𝑖) in mol 
dm-3 using the activity coefficient as shown by the following equation [142, 143]:  
 
𝑎𝑖 = 𝛾𝑖𝑐𝑖                       [8] 
In eqn. 8, 𝛾𝑖 is the molar activity coefficient for a single ion. The relationship between the activity 
and concentration can be also represented by the graph shown in Fig. 1.44. Generally, the main 
deviation of the activity with respect to concentration for a single ion in the solution occurs at high 
concentrations. This deviation is due to the interactions between ions and solvent as well as 
electrostatic interactions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.44 Dependence of the electrode potential on the 
concentration and activity of the ions in solution [144]. 
The activity coefficient of the solution can be related to the ionic strength of the solution and 
the ionic charge as shown in the limited Debye-Huckel equation (eqn. 9): 
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𝑙𝑜𝑔𝛾± = −𝐴 |𝑧+𝑧−|√𝐼                            [9] 
 
In eqn. 9, A is a Debye-Huckel constant that varies with temperature and the solvent (for 
water at 298.15 K: A= -0.509 (mol dm-3)-0.5). z+ and z- are the charge numbers of the cation and 
anion of the relevant electrolyte respectively. I denotes the ionic strength of the solution which is 
calculated by the following eqaution: 
 
𝐼 =
1
2
∑ 𝑐𝑖 𝑧𝑖
2                                       [10] 
 
is the iis the charge of any electrolyte species in the sample solution and c izIn eqn. 10,   
   .)3-mol dmof ions ( oncentrationc 
I.8.3 Classification of ion selective electrodes  
 Generally, ISEs are classified as follows: 
1- Primary ion selective electrodes  
This kind of electrodes can be divided into:    
i. Crystalline membrane electrodes/Solid state membrane electrodes  
A solid state membrane electrode can be classified into classes as follows [145, 146]: 
 Homogeneous.  
 Heterogeneous. 
ii. Non-crystalline membrane electrodes/liquid membrane electrodes:          
These electrodes can be classified in two types as follows [147]: 
 Liquid membranes electrodes. 
 Rigid self-supporting matrix electrodes.  
2- Sensitized ion selective electrodes:  
This type of electrodes can be also classified into two classes as follows: 
i. Gas sensing electrodes [148, 149].  
ii. Enzyme substrate electrodes [150, 151].  
 
Among these types of ISE, the focus will be mainly on liquid membrane electrodes.  
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1.8.4 Polymeric liquid selective membrane electrodes (ISME) 
Polymeric liquid selective membrane electrodes are mainly based on water-immiscible 
liquid materials which are supported by a highly porous polymeric layer. The liquid membrane can 
recognise selectively the target ion in the presence of other ions in aqueous solution through its 
activation by a liquid ion exchanger or by an ion carrier (ionophore) which is able to interact with 
the target ions [152]. 
In most cases, polymeric liquid membrane electrodes consist of different components such 
as lipophilic additives, plasticisers, and polymeric supports (or matrices) as well as an ionophore. A 
detailed account is now given. 
1.8.4.1 Components of the polymeric liquid membrane 
1.8.4.1.1 Polymer matrices  
Polymer matrices are commonly used to give mechanical stability to the membrane. It acts 
as a kind of sponge for the plasticiser and other components which in turn lead to distribute the ions 
between two phases. In addition, they provide a lipophilic environment which is not matched with 
the hydrophilic environment in aqueous samples [153, 154]. However, the PVC material is one of 
most commonly used polymeric matrices for constructing ISMEs. The first selective membrane was 
prepared using valinomycin as a neutral carrier with polyvinyl chloride (PVC) only [155]. This is 
because PVC membranes are easier to prepare and to deposit onto solid transducer layers than other 
membranes. In addition, it has a glass transition temperature lower than the standard temperature (< 
298.15 K) [156]. 
In most cases, the components of polymeric matrices are inert and insoluble in water. 
Therefore, a polymeric matrix has no chemical interaction with the sensed ions. 
 
1.8.4.1.2 Ionophores 
 
Ionophores are the key component of the membrane to confer selectivity to the membrane. 
They form relatively strong, selective and reversible complexes with the target ion and are able to 
transport ions across an organic hydrophobic membrane. Therefore, the capability of an ionophore 
to respond to the primary or target ion is mainly dependent on its geometry and the nature of the ion 
and the type of functional groups within its structure and the charge, shape and size of the ion [157, 
158]. Solvation of the ionophore and the ion species is a very important factor to consider as widely 
demonstrated by Danil de Namor and co-workers [47]. In addition, the structure of the ionophore 
must contain large lipophilic organic groups in order to avoid the leaching of the membrane 
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components into the sample. However, the ionophores incorporated into polymeric matrices of 
membrane electrodes are usually classified in two different types as shown in Fig. 1.45.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.45 Classification of ionophores with selectivity for the target ion (M+); 
counter-ion (A-), an ionophore (L), anionic sites (R-) and cationc sites (R+) [159].  
 
1.8.4.1.3 Plasticisers 
 
Plasticisers have a very significant role in optimizing the performance characteristics of the 
ion selective membrane electrode. Generally, plasticisers used in constructing an ISE must have a 
number of properties. Among them, they are expected to have a high boiling point so that to increase 
the polarity of the membrane and make the PVC membrane more viscoelastic (gel-like). The typical 
weight ratio of plasticiser to PVC used in preparing ISE membranes is about 2:1 (60:30 % w/w), 
This is because the percentage gives a homogeneous organic phase which in turn results in the 
relatively high motilities of its components [160]. The plasticisers most commonly used are ortho-
nitrophenyl octyl ether (o-NPOE, dielectric constant, [εo]= 24) and dioctylsebacate (DOS, dielectric 
constant [εo]= 4) shown in Fig. 1.46 [161]. 
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Fig. 1.46 The common plasticizers; ortho-nitrophenyloctyl  
        ether (o-NPOE) and dioctylsebacate (DOS) 
 
1.8.4.1.4 Lipophilic additives   
 
The purpose of adding lipophilic additive salts into the membrane composition is to reduce the 
electrical resistance of ISE membranes and thus enhancing the selectivity and the sensitivity of the 
membrane towards the primary ion [162]. Fig. 1.47 shows lipophilic additive salts commonly 
reported in the literature [163], namely sodium tetraphenylborate (NaTPB) (a), potassium tetrakis[p-
chlorophenylborate] (KTpClPB) (b), oleic acid (OA) (c) as cation exchanger and 
tridodecylmethylammonium (TDMACl) chloride (d) as anion exchanger. 
  
 
 
 
 
 
 
 
  
 
 
 
 
Fig. 1.47 Commonly hydrophobic ionic salts used to design ISE 
membranes; (a) NaTPB, (b) KTpClPB, (c) OA and (d) TDMACl 
O
O
O
O
 
 
DOS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) (d) O
OHCH
3
(CH
2
)
6
CH
2  
CH3(CH2)10CH2NCH2(CH2)10CH3
CH2(CH2)10CH3
CH3
Cl-
 
  
(b) (a) 
INTRODUCTION                                                                                                                       1 
 
61 
 
1.9 Potentiometric response mechanism of ISE 
The response mechanism of ISE mainly depends on the selective diffusion of charged ionic 
species across two membrane surfaces. When the membrane electrode is placed between two 
solutions which are the inner reference solution and sample solution (analyte ion), a membrane 
allows the charged species to diffuse in the direction of the sample solution which has a lower 
activity. The migration of the charged species across the membrane generates the electrical potential 
at the selective membrane surface.  This electrical potential is proportional to the activity of the ion 
in solution. In this case, the charged ionic species enter into the ion selective membrane and move 
to an unbound ionophore binding site. As a result, an interaction between an ionophore and the tested 
ions may take place. Further movement of ions across the membrane leads to establishing the electric 
potential which obstructs the transfer of the ions. This may be attributed to the species recognition 
present in the solution, leading to the equilibrium state with the membrane surface [164].  
The electric potential of an ion selective membrane electrode (EISE) measured relative to the 
reference electrode under zero-current conditions is expressed by the sum of three separate 
contributions which are the phase boundary potential (EBP), liquid junction potential (EJ) and the 
diffusion potential inside the membrane (ED). Thus, the full membrane potential can be given by the 
following equation (eq. 11): 
EISE = EBP + ED + EJ (constant)                [11] 
The diffusion potential (ED) which arises from the transport of charged species within the 
membrane becomes negligible if concentration gradients of ionic species with different mobilities 
which occur in the membrane are insignificant. This case takes place when the membrane shows the 
theoretical Nernstian response. Therefore, EISE depends only on the boundary potential (EPB) as 
given in eqn. 12 [165]. Since the electrochemical equilibrium at the membrane/sample interface is 
considered. 
 
EISE = EBP                       [12] 
Thus, the phase boundary potential (EPB) is divided into two phases boundary potentials, 
(EM, sample) at the membrane/sample interface and (EM, intl. solution) at the membrane/inner filling 
solution interface as given in eq. 13: 
EBP = EM, sample + EM, intl. solution        [13] 
 
Then combination of eqns. 12 and 13 leads to eqn. 14: 
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EISE = (EM, sample) + (EM, intl. solution)           [14] 
The potential response of an ideally ISE is given by the Nernst equation (eqn. 15)  
𝐸𝐼𝑆𝐸 = 𝐸° +
2.303𝑅𝑇
𝑍𝐴𝐹
log 𝑎𝐴                      [15] 
In eqn. 15, E° indicates the standard electrode potential. 
It is well known that the cell EMF represents the difference in the potentials between the indicator 
and the reference electrodes as given by eqn. 16. 
Ecell = EISE – Eref                         [16] 
Thus combination of eqns. 15 and 16 leads to eqn. 17. 
Ecell = 𝐸° +
2.303𝑅𝑇
𝑍𝐴𝐹
log 𝑎𝐴 – Eref                                   [17] 
Since the reference potential is constant, eqn. 17 can be rearranged in the form of the Nernst 
equation as mentioned in section 1.8.2 (eqn.7). 
1.10 Selectivity definition 
  
According to IUPAC recommendations, selectivity can be defined as the capability of an 
electrode to recognize the primary ion A, in the presence of interfering species B, in solution. It is 
usually expressed by the selectivity coefficient (𝑘𝐴,𝐵
𝑝𝑜𝑡) which can be calculated by the Nicolsky-
Eisenman equation (eqn. 18) given below [166, 167]: 
 
𝐸 = 𝐾 +
𝑅𝑇
𝑍𝐴𝐹
 ln[𝑎𝐴 + 𝑘𝐴,𝐵
𝑝𝑜𝑡(𝑎𝐵)
𝑧𝐴/𝑧𝐵]                         [18] 
 
are the activity and the charge of the primary ion respectively. Aand z AIn eqn. 18, a 
are the activity and the charge of the interfering ion respectively. Band z Ba 
However the numerical value of 𝑘𝐴,𝐵
𝑝𝑜𝑡
 depends on the method selected for the determination 
[168]. This dependance is attributed to many factors, among them, the level of interference by other 
ions in solution, the concentration of the solution as well as the complexation process which may 
take place in the solution. Thus, several methods for the determination of the selectivity coefficient 
(𝐾𝐴,𝐵
𝑝𝑜𝑡
) are now described.  
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1.10.1 Methods of determining selectivity coefficient, 𝒌𝑨,𝑩
𝒑𝒐𝒕
 
These methods are used for the determination of the selectivity coefficient of ion selective 
electrode for one ion (primary) relative to another (interfering ion) and details are now given. 
 
1.10.1.1 The fixed interference method, FIM  
 
The FIM is the preferred method when both, primary and interfering ion have the same sign 
of charges (either positive or negative). It assumes that the ISE exhibits a Nernstian slope for both, 
primary and the interfering ion. In this method, the EMF of an electrochemical cell (consisting of 
the ISE as an indicator electrode and a reference electrode) can be measured using a series of 
solutions with a fixed activity of an interfering ion, aB, while the activity of the primary ion, aA is 
changed. In this method, the selectivity coefficient 𝑘𝐴,𝐵
𝑃𝑜𝑡 can be calculated using the following 
equation [169-171]: 
 
𝑘𝐴,𝐵
𝑃𝑜𝑡=
𝑎𝐴
𝑎𝐵
𝑍𝐴/𝑍𝐵
                          [19] 
 
1.10.1.2 The separate solution method, SSM 
 
The SSM is preferred when the electrode displays Nernstian response to both, the primary 
ion A and interfering ion, B when these two ions have the same charge numbers. In this method, the 
selectivity coefficient values of 𝑘𝐴,𝐵
𝑝𝑜𝑡  can be calculated from the response potential from the target 
ion solution corresponding in terms of concentration to that of the interfering ion using the following 
equation [172]: 
 
𝑙𝑜𝑔 𝑘𝐴,𝐵
𝑝𝑜𝑡 =
𝐸𝐵−𝐸𝐴
2.303𝑅𝑇/𝑧𝐴 𝐹
 + 𝑙𝑜𝑔𝑎𝐴 − 𝑙𝑜𝑔𝑎𝐵
1/𝑧𝐵                             [20] 
  
In eqn. 20, EB is the standard potential of the interfering ion at the activity aB and EA is the 
standard potential of the primary ion at the activity aA. Again, the disagreement in the selectivity 
coefficients values obtained by two methods (SSM and FIM) may be attributed to the lack of 
response of the electrode for the Nernstian equation for the interfering ions as well as the primary 
and interfering ion having different charge numbers [173]. 
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1.10.1.3 The matched potential method, MPM 
In 1984, Gadzekpo and Christian [174] proposed the matched potential method (MPM) to 
determine the selectivity coefficient of a given ion so that overcome the problems arising from the 
methods mainly based on the Nicolsky-Eisenman equation (SSM and FIM). According to IUPAC 
recommendations reported by Gadzepko and Christian [175, 176], the MPM selectivity coefficient 
is defined as the activity ratio of the primary ion relative to an interfering ion where both ion 
solutions undergo the same potential change under the same conditions. 𝑘𝐴,𝐵   
𝑃𝑜𝑡 values can be 
determined by the following equation (eqn. 21): 
 
𝑘𝐴,𝐵    
𝑃𝑜𝑡 = 
 ∆aA
aB
 =
a
A′
−aA
aB
                                [21] 
In eqn. 21, aA, aA′ and aB denote the initial background activity of the primary ion, the 
activity of the reference solution (known concentration of the primary ion) and the activity of the 
interfering ion respectively. Previous works on ion selective electrodes are now discussed. 
 
1.10.2 Applications of various compounds as ionophores in mercury (II)-ISEs 
 
The need for monitoring the toxicity level of cations such as Hg2+ in our environment 
represents a challenging problem [177]. Thus, it is very necessary to develop simple, reliable and 
sensitive analytical devices for the determination of these analytes at trace levels in different media. 
Analysis using an ion selective electrode is a suitable and reliable method that can help to identify 
hazardous problems associated that the presence of these analytes in water resources. A wide variety 
of suitable organic and inorganic compounds have been used as sensing agents in the construction 
of electrodes selective for metal ions, inorganic and organic anions in environmental samples. In 
recent years, ISEs containing macrocyclic compounds as ionophores have received a considerable 
attention in their applications in the fields of environmental, agricultural and medicinal analysis. The 
reason for this is that some macrocycles have unique properties such as electrical neutrality, stability, 
lipophilic character as well as their ability to selectively recoginse ionic species. In 1986, Lai et al. 
[178] developed the first Hg2+-ISE based on the 1,4-dithia- 12-crown-4 as ionophore. In 1987, 
Umezawa and coworkers [179] reported a number of ionophores such as polyamine macrocycles, 
cytosine pendant triamines, and functionalized porphyrins as sensing materials for anions. In 1999, 
Sessler and coworkers [180] introduced the first ion selective electrodes containing macrocyclic 
compounds as carriers (ionophores) for anions. Recently, Danil de Namor and co-workers reported 
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that meso-octamethylcalix[4]pyrrole and its derivatives such as dichlorocalix[2]pyrrol[2]pyridine 
and tetrachlorocalix[4]pyridine were able to bind with halides such as F-, Cl-, Br- and I- [181]. 
However, it is well known that macrocyclic compounds containing oxygen donor atoms form 
complexes with alkaline and alkaline-earth metal cations while ligands with nitrogen and sulfur 
atoms form complexes with soft metal ions such as Hg2+ and Ag+ [182]. To date, there are many 
commercially available ISEs in the market which are selective for ions such as Cu2+, Cd2+, Pb2+, K+, 
Na+, Cl-, Br-, Cl-, S2-, NH4
+ as well as CO2. On the other hand, a few ionphores have been reported 
in the literature on selective electrodes for Hg2+. Table 1.5 summarises compounds used so far as 
carriers or ionophores for the preparation of Hg(II)-ISEs and some of their characteristics (ionophore 
name, slope, linear activity range and detection limit). Calixpyrroles have attracted much attention 
as sensing materials in the construction of ISEs because they can be strategically functionalized to 
be selective to the Hg2+ ions. Abbas [183] reported a mercury selective electrode based on 
calix[2]thieno[2]pyrrole as neutral carrier. The electrode showed good response characteristics 
towards mercury ion with a Nernstian slope of 27.8 mV/decade. It also gave a linear range over a 
wide concentration range (1.0×10−6-1.0× 10−2 mol dm-3) with a detection limit of 3× 10−7 mol dm-3. 
This electrode was successfully used as indicator electrode for the potentiometric titration of Hg2+ 
ion with an EDTA solution. On the other hand, calixarenes have been also used as ionophores to 
prepare selective electrodes for Hg2+ ions in aqueous solution. Lu et al. [184] prepared Hg(II)-ISE 
using  5,11,17,23,29,35-hexakis[(1-thiazolyl)azo] 37,38,39,40,41,24-hexahydroxy calix[6]arene as 
ionophore. The response slope was 28.7 mV/decade  which is close to the Nernstian response in the 
linear concentration range of 5×10−6- 1×10−2 mol dm-3 with a detection limit of 1.0×10-6 mol dm-3. 
It was applied as an indicator electrode in the potentiometric titration of Hg2+ with EDTA and also 
for the determination of Hg2+ ion in lake water samples. Other Hg(II)-ISEs based on calix[4]arene 
derivatives (a, b and c) as ionophores were prepared by Mahajan et al. [185]. These derivtatives 
showed good response towards Hg2+ ion in comparison to other cations.  
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2.   OBJECTIVES OF THE WORK. 
i. Following an introduction of calixpyrroles, calixarenes, and their applications, 
the main objectives of this research are as follows:  
 To synthesise, characterise and determine the complexing properties of i)  
mesotetramethyl-tetrakis[(N,N diethyl-acetamide)phenoxymethyl] calix[4]-
pyrrole (CPA) [This receptor was previously investigated but it is used once 
again to familiarise with the subject and a new calorimeter instrument], ii) 
meso-tetramethyl-tetrakis-(4-hydroxyphenyl) calix[4]pyrrole (CPII), 5, 11, 
17, 23-p-tetra-tert-butyl 25, 27 dihydroxy 26, 28-bis(2-ethoxymethoxy) 
calix[4]arene (L1) and iii) 5,11,17,23-tetra-tert-butyl 25,27-bis(diethylamino)-
ethoxy-26,28-(bis methoxyethoxy) calix[4]arene (L2) will be investigated in 
acetonitrile. The structures of these receptors are shown Fig. 2.1. 
 To demonstrate the absence or presence of complexation and the sites of 
interaction of these ligands (CPII, CPA, L1, L2) with metal cations in deuterated 
acetonitrile, CD3CN at 298 K using the 
1H NMR technique. This solvent was 
selected because it is a poor solvator for cations.  
 To establish the composition (or stoichiometry) of the complexation between 
ligands of interest with metal cations in CH3CN at 298.15 K via conductometric 
measurements.  
 To determine the strength of complexation between ligands of interest with 
metal cations in acetonitrile at 298.15 K from the thermodynamic parameters, 
including the stability constant, log Ks, standard Gibbs energy (∆cGo), enthalpy 
(∆cHo) and entropy (∆cSo) of complexation using isothermal titration 
calorimetry.  
ii. To synthesise a dimer based on CPA which will be explored  as extracting agent 
to remove Hg (II), Pb (II), Zn (II), Cu (II) and Cd (II) ions from aqueous 
solutions. This can be achieved through the following steps: 
 Dimerization of meso-tetramethyl-tetrakis-[(N,N diethylacetamide)phenoxy-
methyl]calix[4]pyrrole (CPA) by condensation of CPA monomer with 
formaldehyde in the presence of toluene. 
 Studying the effect of various parameters on the removal of mercury (II) from 
water, such as initial metal ion salt concentration, amount of CPA dimer, 
solution pH, contact time and temperature on the extraction process. 
OBJECTIVES OF THE WORK                                                                                                  2                                                                              
 
86 
 
  Preparation of electrodes able to be selective for mercury ions present in the 
aqueous solution based on the CPA and L2 ionophores. In order to achieve this 
objective, the following steps were undertaken: 
 Preparation of a variety of membrane electrodes of different compositions to 
obtain the optimal performance characteristics of the mercury ion selective 
electrode. 
 A detailed study of the influence of interfering ions on the selective behaviour 
of the Hg(II) ion selective electrode as well as the pH effect of  the aqueous 
solution  on the response of the electrode. 
 Assessing the capabilities of using these electrodes for analytical applications. 
 Comparison of the performance of the proposed Hg(II)-ISEs relative to 
previously reported mercury electrodes.  
 
The strategy involved in this research is shown in Scheme 2.1:  
 
 
Fig. 2.1 Structures of the CP(II), CPA, L1 and L2 ligands 
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3. EXPERIMENTAL PART                                                                                                             
3.1 Chemicals and materials. 
Table 3.1 lists the chemicals used for the experimental work.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.1 The chemicals and materials used  
Material Formula Provider 
Acetic acid CH3COOH 
Fisher Scientific 
Acetone C2H6O 
Acetone-d6 C2D6O 
Acetonitrile CH3CN 
Barium chloride dihydrate BaCl2.2H2O (99%) 
Aldrich-Sigma 
Barium (II) perchlorate trihydrate Ba(ClO4)2.3H2O 
(2-Bromoethyl )-methyl ether C3H7BrO 
Cadmium (II) perchlorate hydrate Cd(ClO4)2·xH2O 
Cadmium nitrate Cd(NO3)2.4H2O 
Calcium nitrate Ca(NO3)2·4H2O 
Calcium perchlorate tetrahydrate Ca(ClO4)2·4H2O 
Cesium perchlorate CsClO4 
Cobalt (II) nitrate hexhydrate Co(NO3)2·6H2O 
Copper (II) nitrate Cu(NO3)2.xH2O 
Chloroform CHCl3 
Copper perchlorate hexahydrate Cu(ClO4)2·6H2O 
2-Chloro-N,N-diethylacetamide C6H12ClNO 
18-Crown-6 C12H24O6 
Acetonitrile-d3 CD3CN 
Fisher Scientific Dichloromethane (DCM) CH2Cl2 
Diethyl ether (C2H5)2O 
Dioctyl sebacate (DOS) (CH2)8(COOC8H17)2 Aldrich-Sigma 
N,N-dimethylformamide (CH3)2NC(O)H 
Fisher Scientific Dimethyl sulfoxide-d6 (CD3)2SO 
Dimethyl sulfoxide (CH3)2SO 
2-(Diethylamino)ethyl  
chloride hydrochloride 
(C2H5)2N(CH2)2Cl·HCl 
Aldrich-Sigma 
Ethyl ethanoate (EtOAc) CH3COOCH2CH3 
Hydrochloric acid HCl 
Hydroxyacetophenone C8H8O2 
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Table 3.1 (continued) 
Material Formula Provider 
Lead (II) perchlorate trihydrate Pb(ClO4)2.3H2O 
Aldrich-Sigma 
Lead (II) nitrate Pb(NO3)2 
Lithium nitrate LiNO3 
Lithium perchlorate LiClO4 
Magnesium (II) perchlorate 
hexahydrate 
Mg(ClO4)2·6H2O 
Magnesium sulphate MgSO4 Fisher Scientific 
Mercury (II) nitrate Hg(NO3)2 
Aldrich-Sigma 
Mercury (II) perchlorate hydrate Hg(ClO4)2·xH2O 
Methanol MeOH Fisher Scientific 
2-Nitrophenyl octyl- 
ether (o-NPOE) 
O2NC6H4O(CH2)7CH3 
Aldrich-Sigma 
Oleic acid (OA) C18H34O2 
Phosphorus pentoxide P4O10 
Polyvinyl chloride (PVC)  (CH2CHCl)n 
Potassium carbonate anhydrous K2CO3 
Potassium chloride KCl Fisher Scientific 
Potassium nitrate KNO3 
Aldrich-Sigma 
Potassium perchlorate KClO4 
Pyrrole C4H4NH 
Rubidium nitrate RbNO3 
Rubidium perchlorate RbClO4 
THF (CH2)4O 
Fisher Scientific 
TMS Si(CH3)4 
Silver perchlorate AgClO4 
Aldrich-Sigma 
Sodium hydride NaH 
Sodium hydroxide NaOH 
Sodium nitrate NaNO3 
Sodium perchlorate monohydrate NaClO4.H2O 
Sodium tetraphenyl 
borate (NaTPB) 
Na(C6H5)4B 
Strontium (II) perchlorate 
hexahydrate 
Sr(ClO4)2.6H2O 
Zinc (II) nitrate Zn(NO3)2 
Zinc (II) perchlorate hexahydrate Zn(ClO4)2.6H2O 
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The salts (as perchlorates) of alkali, alkaline-earth and heavy metal cations were dried 
and stored over phosphorus pentoxide, P4O10 under a vacuum desiccator at room temperature 
for several days prior to use in order to remove all moisture from these salts. This process may 
lead to enhance the strength of interaction between the ligand and the metal ions in organic 
solvents. However, the absence of a water peak in the NMR spectra upon addition of metal 
cation salts pointed out that these salts were dry. On the other hand, other reagents were used 
as received without further purification unless otherwise stated.  
The solvents purchased from Fisher Scientific either for general purposes or HPLC 
grade were refluxed in a nitrogen atmosphere followed by distillation and the middle fraction 
was collected [232]. However, all solutions used in the 1H NMR measurements were prepared 
from freshly opened deuterated solvents.  
 
3.2 Synthesis of compounds.    
3.2.1 Synthesis of meso tetramethyl tetrakis(4-hydroxyphenyl) calix[4]pyrrole, CP(II). 
 
This compound was previously synthesised at the Thermochemistry Laboratory [47] 
and this is the procedure used.  
 
 
 
 
 
Scheme 3.1 Synthetic procedure used for the preparation of CP(II). 
 
To a methanol solution (100 cm3) of pyrrole (12.0 g, 178.9 mmol) placed in a round-
bottom flask, methanesulfonic acid (about 2 cm3) was added slowly. The reaction mixture was 
stirred with a magnetic stirrer for 30 min. Thereafter, a solution of p-hydroxyacetophenone 
(20.0 g, 146.9 mmol) dissolved previously in methanol (100 ml) was added stepwise to the 
reaction mixture. The mixture was left to stir overnight and monitored by silica gel TLC using 
a DCM/MeOH (9.5:0.5) mixture as the developing solvent. The reaction mixture was then 
poured in small fractions into distilled water (200 cm3) so as to obtain a brownish coloured 
precipitate. The solid residue was filtered off and collected. Then it was shaken with diethyl 
ether (400 cm3). The whole solution was filtered gravitationally to remove the black tar. The 
H H
CH 
1
2
CH 
 
4
5
6
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solvent (diethyl ether) was evaporated in vacuo and an orange coloured oil was obtained. The 
resulting oil was re-crystallised with acetic acid and green crystals were obtained. Further 
recrystallization was carried using an acetonitrile: acetone (5:5) mixture in order to remove the 
acid. Finally, white crystals (66% yield) were obtained and dried under vacuum at 90 °C for 
24 hours. 
This ligand was characterised by 1H NMR in different solvents at 298 K and also by 
elemental analysis given the following results: 
- 1H NMR spectra (500 MHz, δ in ppm); in three different solvents were obtained 
to provide the following signals;  
 1H NMR (500 MHZ, DMSO-d6, δ in ppm); 1.71 (s, 12 H, CH3(3)); 5.93 (d, J = 
2.60 Hz, 8H, PyH(2)); 6.62 (d, J = 8.60 Hz, 8H, ArH(4)); 6.69 (d, J = 8.60 Hz, 
8H, ArH(5)); 9.24 (s, 4H, OH(6)); 9.43 (s broad, 4H, NH(1)). 
 1H NMR (500 MHZ, Acetone-d6, δ in ppm); 1.8 (s, 12 H, CH3(3)); 5.83 (d, J = 
2.60 Hz,  8H, Py-H(2)); 6.65 (d, J = 8.65 Hz, 8H, ArH(5)); 6.73 (d, J = 8.60 Hz, 
8H, ArH(4)); 8.1 (s broad, 4H, NH(1)); 8.73 (s broad, 4H, OH(6)). 
 1H NMR (500 MHZ, CD3CN, δ in ppm); 1.82 (s, 12 H, CH3(3)); 5.98 (d, J = 
2.60 Hz, 8H, Py-H(2)); 6.69 (d, J = 8.60 Hz, 8H, ArH(4)); 6.74 (d, J = 8.60 Hz, 
8H, ArH(5)); 7.89 (s broad, 4H, NH(1)). 
- Elemental analysis was carried out at the Surrey University, (C48H44N4O4) MW. 
(740.91). Calculated %; C, 77.74; H, 5.94; N, 7.56. Found %; C, 78.01; H, 6.27; N, 
7.62.   
3.2.2 Synthesis of meso tetramethyl tetrakis(N,N-diethylacetamide)phenoxymethyl] 
calix[4]pyrrole, CPA.  
 
This ligand was previously synthesised by El Gamouz [66]. Meso-tetramethyl-tetrakis-
(4-hydroxyphenyl)calix[4]pyrrole (1.7 g, 2.3 mmole), potassium carbonate (7.5 g, 54.3 mmol) 
and 18-crown-6 (0.5 g, 1.9 mmol) were energetically stirred and refluxed for one hour in freshly 
refluxed acetonitrile, MeCN, (150 ml) under a nitrogen atmosphere. Then N,N-
diethylchloroacetamide (7.4 ml, 54.0 mmol) was added dropwise and the mixture was refluxed 
overnight. 
The reaction was monitored by TLC using a DCM/MeOH (9:1) mixture as the 
developing solvent system. After cooling down the reaction, the solvent was removed under 
pressure. The solid obtained was dissolved in dichloromethane and extracted several times with 
water to remove the excess of potassium carbonate. The dichloromethanic phase was separated 
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and dried over anhydrous magnesium sulphate and then filtered. Dichloromethane was rota-
evaporated and the oily product was re-crystallized from acetonitrile to yield 70 % of white 
needle crystals. The procedure used for the preparation of CPA is presented below (Scheme 
3.2). 
 
 
 
 
 
 
 
 
 
Scheme 3.2 Synthetic procedure used for the preparation of CPA. 
 
The CPA ligand was also characterized by elemental analysis and 1H NMR (500 MHz) 
in different solvents at 298 K as previously reported [60]. They gave the following results: 
- 1H NMR spectra (500 MHz, δ in ppm), in two different solvents were performed to 
give the following signals;  
 1H NMR (500 MHz, CD3CN, δ in ppm); 1.09 (t, J = 7.15 Hz,  12H, N-CH2-
CH3(8’)); 1.19 (t, J = 7.15 Hz, 12H, N-CH2-CH3(8)); 1.83 (s, 12H, CH3-bridge(3)); 
3.31 (q, J = 7.15 Hz, 8H, N-CH2-CH3( ’)); 3.35 (q, J = 7.15 Hz, 8H, N-CH2-
CH3(7)); 4.68 (s, 8H, O-CH2-CO(6)); 6.0 (d, J = 2.60 Hz, 8H, Py-H(2,2’)); 6.75 (d, 
J = 8.95 Hz, 8H, ArH(5)); 6.81 (d, J =8.90 Hz, 8H, ArH(4)); 7.98 (s, broad, 4H, 
NH(1)). 
 1H NMR (500 MHz, CDCl3, δ in ppm); 0.85 (t, J = 7.12 Hz, 15 H, N(CH2-CH3(8’); 
0.95 (t, J = 7.10 Hz, 15 H, N(CH2-CH3(8)); 1.66 (s, 12H, CH3-bridge); 3.1 (q, J = 
7.10 Hz, 8H, N-CH2-CH3( ’)); 3.15 (q, J = 7.10 Hz, 8H, N-CH2-CH3(7); 4.37 (s, 
8H, O-CH2-CO(6)); 5.43 (d, J = 2.60 Hz, 8H, Py-H(2,2’)); 6.54 (d, J = 8.75 Hz, 
8H, ArH(5)); 6.76 (d, J = 8.70 Hz, 8H, ArH(4)); 6.99 (s, broad, 4H, NH(1)).                                                                                                                                                                                                                                                                                                                                                       
H
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- Elemental analysis; (C72H88N8O8) MW. (1193.68). Calculated %; C, 72.44; H, 7.45; 
N, 9.39. Found %; C, 71.56; H, 7.47; N, 9.35.  
3.2.3   Synthesis of 5, 11, 17, 23-p-tetra-tert-butyl 25, 27-dihydroxy 26, 28-bis(2-ethoxy- 
            methoxy) calix[4]arene, L1.                                                                      
         The synthetic procedure was applied in a similar way to the one reported for the synthesis 
of p-tert-butyl-calix[4]arene ketone derivative proposed by Jeunesse et al. [233]. In a three-
necked round-bottomed flask, p-tert-butyl-calix(4)arene (1.6 g, 2.5 mmol), potassium 
carbonate (3.5 g, 25 mmol) and 18-crown-6 (0.2 g, 0.8 mmol) were suspended in dry 
acetonitrile (100 ml). 
The mixture was left under continuous stirring for a period of 30 minutes under a 
nitrogen atmosphere. Then, 2-bromo ethyl methyl ether (3.0 g, 21 mmol) was added dropwise 
into this mixture followed by heating at 70 oC for 48 hours. During the course of the reaction, 
TLC test was carried out using a hexane: ethyl ethanoate (4:1) mixture as the developing 
solvent system. After cooling, the solvent was removed under reduced pressure. 
The resulting solid was dissolved in dichloromethane then extracted with a saturated 
solution of sodium bicarbonate followed by distilled water. The organic phase was separated 
and dried with magnesium sulphate, and then filtered. The dichloromethane was removed by 
rotary evaporation and the oily product was placed in ice with ice cold ethanol, sonicated and 
filtered. The re-crystallisation was performed with hot ethanol in order to obtain the crystals of 
L1. L1 was obtained in 80 % yield. This reaction is represented below (Scheme 3.3).  
 
 
  
 
 
 
Scheme 3.3 Procedure used for the synthesis of L1. 
The compound L1 was characterized by elemental analysis and 
1H NMR (500 MHz) in 
different solvents at 298 K. They gave the following results: 
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- 1H NMR spectra (500 MHz, δ in ppm), in two different solvents were obtained to 
provide the following signals;   
 1H NMR (500 MHz, CD3CN, δ in ppm); 1.16 (s, 9H, H-2); 1.2 (s, 9H, H-1); 4.18 
(t, J = 4.60 Hz, 2H, H-7); 3.34 (d, J = 12.75 Hz, 2H, H-5); 3.52 (s, 3H, H-9); 3.9 
(t, J = 4.60 Hz, 2H, H-8); 4.36 (d, J = 12.70 Hz, 2H, H-6); 7.15 (s, 1H, H-4); 7.22 
(s, 1H, H-3); 8.11 (s, 1H, H-10). 
 1H NMR (500 MHz, CDCl3, δ in ppm); 1.18 (s, 9H, H-2); 1.3 (s, 9H, H-1); 3.28 
(d, J = 13.10 Hz, 2H, H-5); 3.55 (s, 3H, H-9); 3.88 (t, J = 4.70 Hz, 2H, H-8); 4.16 
(t, J = 4.65 Hz 2H, H-7); 4.38 (d, J = 12.60 Hz, 2H, H-6); 6.8 (s, 1H, H-4); 7.06 
(s, 1H, H-3); 7.27 (s, 1H, H-10). 
-     Elemental analysis; (C50H68O6) MW. (765.18). Calculated %; C, 78.48; H, 8.98.  
       Found %; C, 78.38; H, 9.13.  
 
3.2.4 Synthesis of 5, 11, 17, 23-p-tetra-tert-butyl 25, 27-bis(diethylamino)ethoxy 26, 28- 
 bis (methoxyethoxy) calix[4]arene, L2. 
 
The 5, 11, 17, 23-p-tetra-tert-butyl 25, 27 dihydroxy 26, 28-bis(2-ethoxymethoxy) 
calix[4]arene (L1) (1.60 g, 1.75 mmol), sodium hydride (1.7g, 60 mmol) were suspended in a 
mixture of freshly refluxed THF (150 ml) and DMF dried on molecular sieves (30 ml). Then 
2-diethylamino ethyl chloride hydrochloride (1.50 g, 11.05 mmol) in DMF (10 ml) was 
syringed to the reaction mixture. Then the mixture was stirred and refluxed for 6 h. The reaction 
was monitored by TLC using a DCM/MeOH (9:1) mixture as the developing solvent. After 
cooling down the reaction, the solvent was filtered through filter paper and removed under 
vacuum to give an oily product, which was broken by acetonitrile. The reaction is shown below 
(Scheme 3.4). 
 
 
 
 
 
 
 
 
Scheme 3.4 Synthetic procedure used for the preparation of L2. 
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The compound L2 was characterized by elemental analysis as well as 
1H NMR (500 
MHz) in different solvents at 298 K. They gave the following results: 
- 1H NMR spectra (500 MHz, δ in ppm), in two different solvents were obtained to 
provide the following signals;  
 1H NMR (500 MHz, CDCl3, δ in ppm);  1.07 (t, J = 5.75 Hz, 2H, H-10); 1.07 (t, J 
= 7.10 Hz, 3H, H-13); 1.23 (s, 9H, H-1); 1.27 (s, 9H, H-2); 2.62 (q, J = 7.10 Hz, 
2H, H-12); 3.05 (t, J = 7.85 Hz, 2H, H-8); 3.14 (d, J = 13.10 Hz, 2H, H-5); 3.45 (s, 
3H, H-9); 3.93 (t, J = 5.40 Hz, 2H, H-11); 4.4 (d, J = 12.50 Hz, 2H, H-6); 4.96 (t, 
J = 7.75 Hz, 2H, H-7); 6.59 (s, 1H, H-3); 6.97(s,1H,H-4);. 
 1H NMR (500 MHz, CD3CN (δ in ppm); 1.03 (t, J = 5.80 Hz, 2H, H-10); 1.03 (t, J 
= 5.10 Hz, 3H, H-13); 1.1 (s, 9H, H-1); 1.17 (s, 9H, H-2); 2.61 (q, J = 5.10 Hz, 2H, 
H-12); 3.02 (t, J = 4.80 Hz, 2H, H-8); 3.22 (d, J = 12.25Hz, 2H, H-5); 3.40 (s, 3H, 
H-9); 3.91 (t, J = 5.30 Hz, 2H, H-11); 4.34 (d, J = 12.30 Hz, 2H, H-6); 4.94 (t, J = 
4.70 Hz, 2H, H-7); 7.0 (s, 1H, H-3); 7.1 (s,1H,H-4);. 
-     Elemental analysis; (C62H94O6N2) MW. (963.56). Calculated %; C, 77.28; H,  
      9.85; N, 2.91. Found %; C, 77.26; H, 10.05; N, 2.50.  
 
3.2.5 Dimerisation of meso tetramethyl-tetrakis-[(N,N-diethyl-acetamide)phenoxy-
methyl] calix[4]pyrrole, CPA [234].  
The synthesis of the CPA dimer was performed by condensation of meso tetramethyl 
tetrakis [(N, N diethylacetamide)phenoxymethyl] calix[4]pyrrole, CPA with formaldehyde in 
the presence of toluene as an inert continuous phase. The solution of the CPA ligand (2.0 g, 
2.7 mmol), and 37% formaldehyde (3.33 cm3, 43 mmol) were dispersed in 60 cm3 of toluene 
and stirred with a mechanical stirrer in a 100 cm3 reactor under reflux for 90 min at 900C. 
Thereafter, the CPA dimer was yielded as a solid, insoluble product in the form of beads which 
were collected, filtered-off, washed with ethanol, then water followed by acetonitrile. Finally, 
the CPA dimer was checked by mass spectrometry. 
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3.3 Instruments used 
The instruments used in this work were as follows;  
3.3.1 1H NMR instrument 
A Bruker DRX-500 pulse Fourier Transform NMR Spectrometer was used to provide 
structural information on the ligands used in different solvents. In addition, it provides 
information about the sites of interaction of these macrocycles with metal cations.  
3.3.2 Conductometer instrument 
Conductance measurements were performed with a Wayne-Kerr Autobalance 
Universal Bridge type B642. The Wayne-Kerr balance was equipped with platinized platinum 
glass bodied electrodes placed in a cylindrical glass vessel where the reaction occured. 
3.3.3 Isothermal titration calorimetry (ITC) instrument 
A Nano ITC2G calorimeter instrument (model 5300, TA Co.) was used in this work in 
order to measure the heat changes resulting from the interaction of a ligand with the metal 
cation salts. 
3.3.4 Fourier Transform Infrared spectroscopy (FT-IR) instrument 
Fourier transform infrared (FT-IR) spectrometer (Agilent Cary 600 Series FT-IR 
spectrometer) was used in the determination of the structure and the identification of functional 
groups present in both, the unloaded CPA dimer and the ion-loaded CPA dimer.  
3.3.5 Mass spectrometer (MS) instrument 
A mass spectrometer (Bruker Autoflex Maldi-Tof Mass Spectrometer) was used to 
obtain structural information about the CPA dimer through the determination of the molecular 
weight. 
3.3.6 Flame atomic absorption spectrometer instrument 
A flame atomic absorption spectrometer (FAAS, a Perkin–Elmer spectrometer, model 
400) equipped with air-acetylene was used in order to analyse the initial and equilibrium 
concentration of ions in the aqueous solution when proceeding with the extraction of ions from 
aqueous solution. 
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3.3.7 pH instrument 
All pH measurements in this work were made with a digital pH meter (model AB15) 
equipped with a combined pH electrode. The pH meter was calibrated with three different 
buffer solutions are: 
 Buffer solution, pH 4.0 (potassium hydrogen phthalate, KC8H5O4). 
 Buffer solution, pH 7.0 (mixture of potassium phosphate monobasic, KH2PO4, and 
sodium phosphate dibasic, Na2HPO4). 
 Buffer solution, pH 10.0 (sodium carbonate, Na2CO3, and sodium bicarbonate, 
NaHCO3). 
3.3.8 Multimeter voltage instrument 
A Fluke 73 Series III Digital Multimeter was used as a voltage source to measure the 
potentials of the proposed Hg(II)-ISEs under different conditions. This device displays a wide 
measurement range (1000 V) with high accuracy. 
3.3.9 Elemental analysis instrument 
 The elemental analysis for the determination of C, H, N and O for the ligands under 
investigation was performed using a Leeman Labs CE440 Elemental Analyzer. 
 
3.4 1H NMR measurements 
 
1H NMR experiments for characterising the ligands of interest were carried out by 
dissolving a known amount of these ligands (~3.00×10-3 mol.dm-3) in deuterated solvents such 
as acetone-d6, CDCl3, DMSO-d6 and CD3CN in the NMR tubes at 298 K. Consequently, 
chemical shifts were recorded. On the other hand, 1H-NMR experiments aiming to investigate 
the complexation process between the appropriate ligand and metal cations in CD3CN at 298 
K were carried out by adding of a known amount of the metal cation salt solution (1×10-3 to 
2×10-3 mol.dm-3) to a NMR tube containing a known amount of ligand solution (1-5×10-4 
mol.dm-3). Chemical shift changes (∆𝛿, ppm) relative to those for the free ligand as reference 
were then calculated. Therefore, identification and analysis of the active sites of interaction 
were performed. 
 
3.5 Conductometric measurements. 
 
The electrical conductivity of an ionic solution occurs when the ionic species are able 
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to carry an electric current through applying an electric field potential across two electrodes of 
the conductometric cell. However, the electrical conductivity of ionic solutions depends on a 
variety of factors such as ion concentration, the nature of the ionic species (charge and mobility) 
and the temperature of the solution [235]. Generally, electrolyte solutions obey Ohm’s law 
which is shown below (eqn. 22). 
 
I = V/R  [22] 
In eqn. 22, I, V and R denote the electrical current (amperes), the voltage (volts) and 
the resistance (ohms) respectively.    
The conductance, L (Ω-1 or S), is defined as the reciprocal of the electric resistance of 
the cell, R (ohm, Ω) as shown in eqn. 23 [236-237].  
L = 1/R                    [23] 
The electrical resistance of the cell, R depends on the conductivity of solution, Κ (Ω-1 
cm-1or S cm-1) together with the cell constant, θ, as shown in eqn. 24. 
 
R =1/Κ × 𝜃                   [24] 
Then combination of eqns. 23 and 24 leads to eqn. 25: 
     L = 1/R = Κ × 1/ 𝜃               [25] 
 The cell constant, θ can be determined by measuring the electrode area, A (cm2) and 
the distance between electrodes, l (cm) as given in eqn. 26: 
𝜃 = l/A                    [26] 
Since it is difficult to build a cell with well-defined geometrical parameters A and l, 
any cell should be calibrated with a solution of exactly known conductivity, which is always 
potassium chloride, KCl (usually 0.1 mol dm-3). Thus, the cell conductivity can be calculated 
from its measured resistance using eqn. 27.  
 
κ = θ × L = θ/R = (l/A) × 1/R         [27] 
 The resistance of the cell is usually determined by using a Wheatstone bridge. The 
molar conductance Λm (Ω-1 cm2 mol-1), can be computed from the conductivity, Κ, and the 
concentration of the solution used c, (mol.dm-3) as shown in eqn. 28. 
 
Λm = L× θ ×1000/c = 1000 Κ /c  [28] 
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3.5.1 Determination of the cell constant. 
The conductivity cell was calibrated using a potassium chloride solution at a fixed 
temperature (298.15 K) in order to establish the accuracy of the measurements. Thus, the cell 
constant, θ, of the conductivity cell used was determined by the method described by Jones and 
Bradshaw [238]. In this method, the conductometric cell containing deionised water (20 cm3) 
was kept in a thermostatic bath at 298.15 K for one hour, and then an aqueous solution of 
potassium chloride, KCl (0.1 mol dm-3) was added stepwise to the deionised water present in 
the cell. Aliquots of KCl solution (0.1 cm3) were added many times (up to 10 additions) and 
conductivity readings following each addition were recorded. The corresponding molar 
conductance values, Λm were calculated by the Lind, Zwolenik and Fuoss equation (eqn. 29) 
[239].  
Λm = 149.43 - 94.45c1/2 + 58.74.c logc + 198.4c  [29] 
In eqn. 29, c indicates the concentration of KCl (mol dm-3) solution. 
 
3.5.2 Conductometric titrations of metal cations with CPA and L2 ligands in organic  
    solvents at 298.15 K.   
Conductometric titrations of metal salts (as perchlorates) with the ligand under study 
were carried out in a cell thermostated at 298.15 K using acetonitrile as the solvent. In these 
experiments, the conductometric cell was filled with an accurately weighed amount of the 
metal ion salt solution (~1-2×10-4 mol dm-3) prepared in the appropriate solvent (~25 ml) and 
left under stirring during the titration to reach thermal equilibrium. Then, a solution of the 
ligand (~1-5×10-3 mol dm-3) prepared in the same solvent was added stepwise by a calibrated 
automatic burette into the vessel containing the cation salt solution. After each addition, the 
reading of the reciprocal of the resistance, L (Ω-1) was displayed on the instrument 
automatically and readings were taken when stability was reached. The molar conductance, Am 
(S.cm2.mol-1) was calculated from eqn. 28 and then plotted against the ligand-metal ion 
concentration ratio, [L]/[Mn+] in order to determine the stoichiometry of the complex. 
 
3.6 Thermodynamic measurements using isothermal titration calorimeter (ITC).  
The isothermal titration calorimeter (ITC) is used to determine the stability constant(K) and 
number of binding sites (n) as well as the enthalpy (ΔH) associated with metal-ligand complex 
formation due to the mixture of two components. A schematic diagram of a typical ITC is 
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shown in Fig. 3.1. An ITC instrument has a pair of identical coin-shaped cells, denoted as 
sample and reference cells surrounded by an adiabatic jacket. The temperature sample and 
reference cells are monitored and maintained at a constant temperature relative to the adiabatic 
jacket through an electronic feedback circuit [240].  
  
Fig. 3.1 Schematic diagram of the Isothermal titration calorimeter apparatus [240]. 
 
3.6.1 Calibration of the ITC instrument. 
 
The chemical calibration of the Nano ITC2G ocalorimeter instrument (model 5300, TA 
Co.) was performed prior to use. The aim of this calibration is to check the accuracy and the 
reliability of the Nano ITC2G instrument [241-242]. Therefore, the standard reaction based on 
the complexation process of 18-crown-6 (99.5% purity) with barium chloride (99.4% purity) 
in deionised water as solvent at 298.15 K (Scheme 3.5) was carried out. The 18-crown-6 
solution was prepared using deionised water. The quantity of 18-crown-6 solution (950 µl, 1 
mmol. dm-3) was loaded into the sample cell while the reference cell was loaded with deionised 
water. A solution of BaCl2 (20 mmol. dm
-3) was prepared in deionised water and then transfered 
to a 300-µL injection syringe. Aliquotes of BaCl2 were added gradually and readings were 
taken directly.  
 
Fi . 3.1 Schemati  diagrams of the Isothermal titration calorimeter apparatus [209]. 
 
Fig. 3.1 Schematic diagrams of the Isothermal 
titration calorimeter apparatus [209]. 
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Scheme 3.5 Standard calibration reaction of barium chloride with  
18-crown-6 using the Nano ITC2G microcalorimeter at 298.15 K. 
3.6.2 Calorimetric titration measurements. 
In this work, all calorimetric titration (direct and competitive) experiments were carried 
out in acetonitrile at a fixed temperature of 298.15 K. In the case of direct calorimetric titration 
experiments, the reference cell was filled with acetonitrile while the sample cell was loaded 
with the ligand solution (1 mmol dm-3 of CPA or L2). This was followed by a set of successive 
injections (in the range of 3 to 5 µL per injection) of metal cation salt solution (20 mmol dm-3) 
loaded in the syringe into the ligand solution placed in the sample or reaction cell. The interval 
time between two readings was set at 240 s. During the injection of metal cation solution into 
the sample cell containing the ligand solution, the heat of dilution was monitored for each 
injection. As the two components (ligand and metal cation) interact in acetonitrile as solvent at 
298.15 K, heat was either released (exothermic) or absorbed (endothermic). It also depends on 
the amount of binding that takes place. This process is continued until the ligand solution in 
the reaction cell becomes saturated by the addition of the metal cation salt solution. As a 
consequence, the signal of heat is reduced until only the background heat of dilution is 
observed. After each experiment, the ITC instrument measured the total heat observed (Q) 
upon addition of titrant (eqn. 30), included contributions from other phenomena such as the 
residual heat effects originating from the dilution of the ligand and mechanical effects 
associated with the injection. Thus, all ITC data need to be corrected for the heat of dilution of 
the titrant [243]. Therefore, in order to remove any heat effects due to dilution, blank titrations 
experiments were carried out (eqn. 31) before starting the analysis.  
                     ∆tH = ∆cH + ∆Hdilution                                 [30] 
         ∆cH = ∆tH  - ∆Hdilution                                                   [31] 
Ba2+
18-crown-6 Ba2+-18-crown-6 complex
Ba2+
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In eqns. 30 and 31, ∆cH, ∆Hdilution and ∆tH denote enthalpies of complexation, dilution and 
total enthalpy respectively.  
In the case of competitive calorimetric titration experiments, a solution of the metal cation 
salt under investigation (20 mmol dm-3) was prepared in the same solvent (acetonitrile), then 
placed in the buret and titrated into the vessel containing a solution of L2 (1 mmol dm
-3) 
complexed with a metal cation (20 mmol dm-3) previously prepared.  
3.7 Extraction of cations from water by the CPA dimer 
This part involves detailed information regarding the preparation of the stock solutions 
and the batch extraction experiments for the removal of Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+ ions 
from aqueous solution by the CPA dimer under various experimental conditions (eg: initial 
metal ion salt concentration, solution pH, contact time and temperature). Also, an efficient 
extraction procedures depends on solvent selections, sample to solvent ratio, extraction time 
and hydrolysis conditions. In addition, the calibrations of the AAS instrument were also carried 
out. 
3.7.1 Preparation of the stock solutions  
The stock aqueous solutions of the desired concentration of Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+ 
ions as nitrate salts (analytical grade, Sigma-Aldrich Co.) were prepared by dissolving an 
accurate amount of these metal ion salts (0.94, 3.93, 2.93, 1.29 and 3.67 g respectively) in 
deionised water using volumetric flasks (100 ml) which were filled to the mark with deionized 
water. Thus, all the required working solutions were prepared by diluting the stock solutions 
with deionised water to the appropriate concentrations. 
3.7.2 Batch extraction experiments for the removal of metal ions (Hg2+, Pb2+, Zn2+, 
Cu2+ and Cd2+) from aqueous solutions by the CPA dimer  
The ability of the CPA dimer to extract heavy metal ions (Hg2+, Pb2+, Zn2+, Cu2+ and 
Cd2+) (as nitrate salts) from aqueous solutions was investigated using the batch technique. The 
study of the effect of various parameters such as the amount of the dimer, the initial metal ion 
concentration, the pH of solution, the temperature and the contact time leads to establish the 
optimal conditions for the extraction process. Thus, the effect of these parameters on the 
extraction processes was investigated as described below. 
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3.7.2.1 Effect of the amount of ligand on the metal ion extraction from aqueous solution 
 
Batch experiments for determining the optimal amount of the CPA dimer for the 
extraction processes of metal ions (Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+) from aqueous solutions 
were conducted with different quantities of the dimer ranging between 0.02 to 0.2 g. Each 
amount was weighed and transferred to a test tube (Falcon plastic tube, 50 cm3) containing a 
known volume (10 cm3) at a known concentration (1×10-3 mol dm-3) of an aqueous solution of 
the metal ion salt of interest except for the Hg2+ ion (Volume; 50 cm3, concentration; 6.53×10-
3 mol dm-3). All these samples were prepared using deionized water solution (pH 5.6). All tubes 
were then sealed and mechanically shaken on a Whirlimixer for 5 min in order to obtain a 
homogenous solution. Next, all tubes were left for 24 h in a thermostated water bath at fixed 
temperature (298 K) in order to attain an equilibrium state. After 24 h, samples of aqueous 
solutions were separated from the solid dimer, filtered using Millipore filters (Type HA, 0.45 
mm). The determination of metal ion concentration in the solution before and after the 
experiment (filtrates) was performed by atomic absorption spectrometer (AAS) with the 
exception of the mercury ion which was analysied using ISEs based on the L2 ionophore. The 
concentration of metal ion salts taken by the dimer was calculated from the difference between 
the initial, Ci and equilibrium concentrations, Ce (mol dm
-3). However, the percentage removal 
(%) of metal ions from the aqueous solution by the CPA dimer was calculated by using the 
equation below [244]: 
 
Removal (%) =  
Ci−Ce
Ci
× 100           [32] 
 
3.7.2.2 The effect of solution pH on the extraction of metal ions 
The effect of the solution pH on the extraction of metal ion salts (Hg2+, Pb2+, Zn2+, Cu2+ 
and Cd2+) from aqueous solution by the CPA dimer was investigated. An aqueous solution of 
each of metal ion salt of interest (10 cm3, 1.0×10-3 mol dm-3) except for Hg2+ ion salt (Volume; 
50 cm3, constant concentration; 6.53×10-3 mol dm-3) was placed in a tube containing an 
optimum mass of the CPA dimer. The pH of the samples was adjusted to the desired values (in 
the range of 2.0 to 11) by adding a few drops of nitric acid, HNO3 or sodium hydroxide, NaOH 
solution [0.1-1.0 mol dm-3]. All samples were shaken for 5 min by a mixer and then kept in a 
thermostated water bath at a fixed temperature (298 K) for 24 h. After this period, samples 
were filtered using Millipore filters (Type HA, 0.45 mm) and then the remaining concentration 
of metal ion were determined by AAS except for the mercury ion which was analysied using 
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ISEs based on CPA and L2 as ionophores. The percentage removal (%) of each metal ion was 
calculated using eqn. 32. Thereafter, the optimal value of pH was employed for further 
experiments. 
3.7.2.3 Kinetics of the extraction process 
The effect of contact time on the removal of metal ions (Hg2+, Pb2+, Zn2+, Cu2+ and 
Cd2+) from aqueous solutions by the CPA dimer was investigated at different time intervals (5, 
20, 40, 60, 80, 100 and 120 minutes). An optimum amount of the CPA dimer was added to 
seven tubes (50 cm3). A fixed volume (10 cm3) of the optimal concentration of metal ion and 
pH was added to each tube. These were placed in a thermostated water bath at constant 
temperature (298 K). After different periods, samples were removed from the thermostated 
water bath. The samples were then filtered immediately using Millipore filters (Type HA, 0.45 
mm). The metal ion concentration in each tube was determined using AAS except for the 
mercury ion salt which was analysied using ISEs based on CPA and L2 as ionophores. The 
percentage of removal (%) of the metal ion salt by CPA was calculated using the equation 
mentioned above (eqn. 32). Consequently, the optimum contact time was determined and then 
used throughout all next experiments.  
3.7.2.4 Effect of metal ion concentration on the extraction process  
The effect of the metal ion concentration (Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+) on the 
extraction processes was investigated using batch experiments. Ten volumetric flasks 
containing a volume (10 cm3) of aqueous solutions of the salts (concentration range of 2.0×10-
4 to 2.0×10-2 mol dm-3) except for Hg2+ (1.6×10-6 to 2.0×10-2 mol dm-3) were prepared by 
diluting appropriate amounts from stock solutions of the appropriate metal ion salt. The optimal 
mass of the CPA dimer was added to each test tube containing the solution. All samples were 
adjusted to the optimal pH value (pH=5.6) previously obtained. The contents of the test tubes 
were shaken for about 5 min by a mixer and then kept in a thermostated water bath at a fixed 
temperature (298 K) for 24 h. After equilibration, samples were filtered using Millipore filters 
(Type HA, 0.45 mm). Atomic absorption spectrometry (AAS) was used to determine the initial 
and equilibrium concentrations of metal ions. The ISE based on L2 as an ionophore was used 
to determine the concentration of Hg(II). The amount of the metal ion (mmol.g-1) extracted per 
unit mass of CPA was calculated by using the following equation: 
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(𝑄𝑒, mmol. g
−1 )   =  
V(Ci−Ce)
m
           [33] 
In eqn. 33; 
V is the volume (lit.) of the sample solution.  
m is the mass (g) of extracting agent used.  
The capacity of the material was taken as the maximum concentration of the metal ion 
taking up by the dimer.  
 
3.7.2.5 The effect of temperature on the extraction process by the CPA dimer 
 
The effect of temperature on the percentage removal of metal ion salts (Hg2+, Pb2+, Zn2+, 
Cu2+ and Cd2+) from aqueous solutions by the CPA dimer was examined within the temperature 
range of 298-343 K while all other parameters were kept constant. Thus, a series of aqueous 
metal ion salt solutions of interest (10 ml) were placed in a water bath at different temperatures 
(298, 303, 313, 323, 333 and 343 K) after shaking on a Whirlimixer for about 5 min. After 
optimum contact time, the mixture of each sample was filtered immediately and the metal ion 
concentration was determined by AAS except for mercury ion which was analysied using ISEs 
as previously described. The percentage removal (%) of metal ion salt by the CPA dimer was 
calculated using eqn. 32. 
3.7.3 Calibration of the AAS instrument  
 
The AAS instrument was calibrated with the appropriate standards. These standards 
were prepared by diluting commercial solutions (1000 mg.l-1) of metal ion salts under 
investigation and linear calibration curves were obtained (as shown in Appendix, Tables 1-4 
and Figs. 13-16). A stable flame to operate the AAS instrument was produced through 
combustion of acetylene in air which generates temperature in the 2125-2400 K range. Table 
3.2 shows the conditions recommended by the manufacturer to operate the AAS instrument 
used in this research.  
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Table 3.2 Operating conditions for metal ion determinations 
by a Perkin–Elmer System 400 spectrometer, AAS 
 
 
 
 
 
 
 
3.8 Preparation of mercury (II) ion selective membrane electrodes based on the CPA 
and L2 ionophores 
 
 In this part of thesis, detailed information regarding the construction and performance 
experiments of Hg(II)-ISMEs based on CPA and L2 ionophores are introduced. In addition, the 
applications of Hg(II)-ISEs are given. 
3.8.1 Preparation of the Ag/AgCl reference electrode (as internal reference electrode) 
A piece of a clean silver wire (about 6 cm × 0.15 mm) was coated with a thin layer of 
silver chloride by the electroplating method (electrical chloriding) [245]. This electrical method 
was achieved by dipping the part to be coated into KCl (3M) solution. Thereafter, the current 
was passed through the electrode at a rate of 1 mA/cm2 of surface area using a platinum 
counter-electrode until the electrode (wire) was adequately plated in light grey colour. 
Reversing the polarity occasionally for several seconds leads to deepen the layer of silver 
chloride on the surface of the silver wire yielding a stable electrode.  
3.8.2 Preparation of membranes and electrodes construction  
 Mercury (II) selective membrane electrodes based on the ionophores CPA and L2 were 
made using a procedure similar to that previously described in the literatures [246, 247]. 
Membrane electrodes with different compositions as shown in Table 3.3 were prepared by 
dissolving different amounts of  polyvinyl chloride (PVC), CPA or L2 as ionophores, DOS or 
o-NPOE as plasticizers  as well NaTPB or OA as anionic additives in freshly distilled 
tetrahydrofuran, THF (3 cm3).  The composition ratios were changed within the range most 
Working conditions (fixed) 
Working conditions (variable) 
Metal 
Wavelength 
(nm) 
Optimum 
working range 
Lamp current 30 or 54 mA Cadmium 228.8 0-1.0 mgl-1 
Fuel 
Acetylene 
(7.5 L/min) 
Copper 324.7 0-1.6 mgl-1 
Oxidant Air Lead 283.31 0-10 mgl-1 
Spectral band pass 0.5 or 1.0 nm zinc 213.86 0-0.75 mgl-1 
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commonly used in the literature (1-7% ionophore, 28-33% PVC, 60-69% plasticizer and 0.03-
2% ionic additive [248]. The resulting mixture was poured in a glass dish (d = 30 mm). Then 
the solvent was evaporated off at room temperature. After two days, a resulting homogeneous 
PVC membrane (about 0.2 mm thickness) was cut in circles with a diameter of around 4 mm 
and mounted into a PVC tube with a PVC paste (PVC dissolved in THF solvent as adhesive). 
An internal Ag/AgCl reference electrode was placed in the PVC tube which was filled with an 
internal solution of (1.0×10-2 mol dm-3 Hg(NO3)2, 0.1 mol dm
-3 KCl) as follows: 
Ag/AgCl/internal solution (1.0×10−2 mol dm-3 Hg2+ in 0.1 mol dm-3 KCl)/PVC membrane  
The electrode was conditioned for 2-3 days with the same solution of the primary ion 
(1.0×10-2 mol dm-3, Hg(NO3)2) that was used as the filling internal solution. When the electrode 
was not in use, it was stored in Hg(NO3)2 solution (1.0×10
-2 mol dm-3). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
3.8.3 Construction of the Hg(II)-ISE cell  
 
Silver/silver chloride with Flexible Connector (MF-2052, RE-5B) filled with sodium 
chloride solution (3 mol dm-3) was used as the external reference electrode while the silver wire 
coated with a thin layer of silver chloride was used as the internal electrode. Then, the reference 
Table 3.3 The compositions of the proposed Hg(II)-ISEs based on CPA and L2 
Electrode 
No. 
Membrane mass composition, wt% 
Ionophore PVC 
% 
Plasticiser Additive 
Name % Name % 
Name % 
1 -- -- 30 o-NPOE 68 OA 1 
2 -- -- 30 o-NPOE 68 NaTPB 1 
3 
CPA 1 30 DOS 68 OA 1 
L2 1 30 DOS 68 OA 1 
4 
CPA 1 30 o-NPOE 68 OA 1 
L2 1 30 o-NPOE 68 OA 1 
5 
CPA 1 30 o-NPOE 68 -- -- 
L2 1 30 o-NPOE 68 -- -- 
6 
CPA 2 30 o-NPOE 68 OA 1 
L2 2 30 o-NPOE 68 OA 1 
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electrode was used in conjunction with different Hg(II)-ISEs (Fig. 3.2). The electrochemical 
cell arrangement used for this study can be represented as follows [249]:   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2 Schematic view of the experimental setup of the potentiometric Hg(II)-ISE cell. 
 
3.8.4 Preparation of standard solutions of metal ion salts  
Stock solutions of metal ion salts (1×10-2 mol dm-3) were freshly prepared by dissolving 
an accurate amount (0.171 g) of the metal ion salt (as nitrate) in deionized water (50 cm3) while 
working solutions in the range of 1.0×10-7 to 1×10-2 mol dm-3 were prepared by appropriate 
dilution from stock solutions of metal ion salts with deionized water.  
 
3.8.5 Potential measurements of Hg(II)-ISEs based on the ionophores CPA and L2 
The performance of the proposed Hg(II)-ISEs based on the ionophores CPA and L2 
(Table 3.3) was investigated by carrying out the calibration curves for each electrode. This 
procedure was made in order to determine the composition which gives the best potential 
response. Different volumes of standard solution of Hg(II) ion salts were successively added 
to a vessel containing deionized water (75 cm3) to cover the concentration range 6.67×10-8 to 
4.32×10-2 mol dm-3. These additions of standard solutions were carried out from low to high 
concentrations at room temperature. Potential measurements of the Hg(II)ISEs were made in 
Ag/AgCl/internal solution (1.0×10−2 mol dm-3 Hg2+ in 0.1 M KCl)/PVC membrane/test solution/KCl (satd.)/Ag/AgCl 
 
 
 
 
 
 
 
 
EXPERIMENTAL PART                                                                                                            3                                                                              
 
109 
magnetically stirred solutions and stable potential readings were taken over a period of time 
after each addition (1-2 min). The ion activities of the metal salt solutions were calculated from 
the ion concentrations according to Debye-Huckel procedure [250, 251]. The values of cell 
potentials, E (mV) for the proposed electrodes were plotted as a function of the logarithm of 
the ionic activity of mercury ion, log 𝑎𝐻𝑔2+. The response characteristics of the ion selective 
electrodes of interest were evaluated from the calibration graph.  
3.8.6. Effect of soaking time on the response of Hg(II)-ISEs 
 
The effect of soaking time on the performance of Hg(II)-ISEs based on the ionophores 
CPA and L2 was examined. The two electrodes were separately soaked an aqueous solution 
containing Hg(NO3)2 (1×10
−2 mol dm-3) the same as the test solution for different time intervals 
(6, 12, 24, 30, 36 and 48 h). Next, calibration graphs were constructed in order to determine 
slope values. The slope values obtained were plotted as a function of the soaking time.  
 
3.8.7 Effect of pH on the optimised electrode response 
 
The effect of pH of the test solution on the response of these two (Hg(II)-ISEs based 
on the ionophores CPA and L2 was examined. The potential was measured in the 2.0-12.0 pH 
range at two concentrations of Hg(II) solutions (1.0×10−2 and 1.0×10-3 mol dm-3). These 
experiments were achieved through following the variation of potential of the proposed 
electrode with the solution pH changes. In both concentrations used, the pH value was adjusted 
by the addition of nitric acid, HNO3 and sodium hydroxide, NaOH (each 0.1-1.0 mol dm
-3). 
The potential readings were plotted against corresponding pH values. The optimum pH values 
obtained at these concentrations of Hg(II) solutions (1.0×10−2 and 1.0 × 10-3 mol dm-3) were 
used for further studies.  
 
3.8.8 Effect of interfering ions on the proposed electrodes selectivity 
  
In this work, the potentiometric selectivity coefficients (𝑘𝐻𝑔,   𝑀
𝑃𝑜𝑡 ) of the Hg(II)-ISEs 
based on the ionophores CPA and L2 towards interfering ions were determined by using two 
approved IUPAC methods, namely, the separate solution method (SSM) and the matched 
potential method (MPM). These two methods were carried out under the following 
experimental conditions: 
 By using the separate solution method (SSM); primary ion (A): 2.23×10-4 mol dm-
3 Hg(NO
3
)
2
; interfering ions (B): 2.23×10-4 mol dm-3. 
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 By using the matched potential method (MPM); reference solution: 1.0×10-4 mol 
dm-3 Hg(NO
3
)
2
; primary ions (A): 1×10-2 mol dm-3 Hg
2+
; interfering ions (B): 
1.0×10-1 mol dm-3. 
3.8.9 Study of the dynamic response time of the Hg(II)-ISEs based on the ionophores 
CPA and L2 
The measurements of the dynamic response time for Hg(II)-ISEs based on CPA and L2 
were conducted using the same electrochemical cell. Different concentrations (1×10-7, 1×10-6, 
1×10-5, 1×10-4, 1×10-3 and 1×10-2 mol dm-3) of the primary ion solution, Hg(NO3)2 were used. 
The potentials resulting from the addition of each concentration of the primary ion (Hg2+) 
solution (50 cm3) were recorded. The dynamic response times of the Hg2+ solution were plotted 
versus potentials (EMF). However, the reversibility of the Hg(II) selective electrodes was 
investigated by successive immersion of the electrode in mercury(II) salt solutions in water 
(1×10-4 and 1×10-3 mol dm-3). Finally, potential values (EMF) against response times were 
plotted. 
3.8.10 Lifetime experiments of Hg(II)-ISEs  
 
The lifetime of the Hg(II)-ISEs was monitored over a period of time by measuring the 
potential values of the calibration solutions of Hg(NO3)2 during a period of time. The Hg (II) 
concentration range used was 6.67×10-8 to 4.32×10-2 mol dm-3. The calibration curves were 
obtained after each examined time and then the slope value obtained of each calibration curve 
at different time was compared to the original one.  
 
3.8.11 Analytical applications of Hg(II)-ISEs based on CPA and L2  
3.8.11.1 Determination of mercury(II) with EDTA in aqueous solution 
Hg(II)-ISEs based on the CPA and L2 (1%) with O-NPOE (68%) as plasticizer and OA 
as ionic additive (1%) were used as an indicator electrode in the potentiometric titration of 
mercury(II) ion with EDTA at the standard temperature. The Hg(II) solution as the nitrate salt 
(60 cm3, 1.0×10−3 mol dm-3) was titrated with aliquots of EDTA (0.5 cm3, 5.0×10−3 mol dm-3). 
The amount of mercury(II) ion was accurately determined from the end point of the resulting 
titration by plotting E(mV) as a function of log [Hg2+].  
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3.8.11.2 Analysis of Hg2+ ion in a real sample (a dental amalgam filling)  
The potential of using the proposed Hg(II)-ISEs based on the ionophores CPA and L2 as 
indicator electrodes for the potentiometric determination of Hg2+ in the dental amalgam 
filling were examined as follows;  
An accurate weight of the dental amalgam alloy (21.55% Ag, 13.05% Cu, 15.40% Sn and 
50.0% Hg) (0.6 g) was dissolved in a minimum volume (20 ml) of HNO3 (60%).  The 
solution was intensely heated to near dryness. The acid treatment and the evaporation process 
of the solution were repeated twice. The residue obtained was dissolved in a small amount 
of water and filtered. The clear sample solution was quantitatively transferred into a 
volumetric flask (50 cm3) and then filled to the mark with distilled water after adjusting the 
pH value of the solution to 5.6. Thereafter, the standard addition method was applied where 
small increments (0.1 cm3) of the standard solution of mercury(II) nitrate (3.0×10-2 mol dm-
3) were added to the  dental amalgam solution (50 cm3) at the standard temperature. The 
change in voltage readings was recorded after each addition of the standard solution. The 
Hg2+ concentration in the dental amalgam solution was calculated from the following 
equation [252]:  
 
 
                                                                                                                       [34] 
  
 
In eqn. 34; Cx and Vx are the concentration and volume of the dental amalgam solution 
respectively.  
Cs and Vs are the concentration and volume of the standard solution, respectively,  
S is the slope obtained from the calibration curve (𝑆 =
2.303𝑅𝑇
𝑍𝐴𝐹
).      
R is the gas constant (8.314 J/Kmol)  
T is the temperature in Kelvin 
F is the Faraday’s constant (96,487 Coulombs mol-1) 
ΔE (ΔE=E2-E1) is the change in potential of the sample before (E1) and after (E2) the addition 
of a certain volume of standard solution. 
The results obtained using both Hg(II) ion-selective electrodes were compared with 
data obtained by atomic absorption spectrometry (AAS). 
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RESULTS AND DISCUSSION. 
 
This part includes the analysis of the data and the interpretation of the results according to 
the following sequence: 
i) Characterisation of the CPII ligand and 1H NMR measurements of CPII with alkali, 
earth-alkaline and heavy metal cations in CD3CN solvent at 298 K. 
ii) Characterisation of the CPA ligand and 1H NMR measurements with metal ions in 
CD3CN solvent as well as conductometric and thermodynamics studies of CPA 
with metal ions in CH3CN. 
iii) Characterisation of the L1 ligand with alkali, earth-alkaline and heavy metal cations 
in CD3CN solvent at 298 K. 
iv) Characterisation of the L2 ligand and 1H NMR measurements with metal ions in 
CD3CN solvent as well as conductometric and thermodynamics studies of L2 with 
metal ions in CH3CN. 
v) Extraction of ion salts (nitrate as counter ion) [Hg(II), Pb(II), Zn(II), Cu(II) and 
Cd(II)] from aqueous solutions using the CPA dimer under different experimental 
conditions. 
vi) Performance of the Hg(II)-ISEs based on the CPA ionophore under different 
experimental conditions. 
vii) Performance of the Hg(II)-ISE based on the L2 ionophore under different 
experimental conditions. 
viii) Analytical applications of Hg(II)-ISEs based on CPA and L2 ionophores. 
ix) Conclusions.     
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4.1 Characterisation of meso-tetramethyl-tetrakis-(4-hydroxyphenyl) calix[4]pyrrole, 
CP(II) 
4.1.1 Characterisation of CP(II) by 1H NMR in various solvents at 298 K. 
The 1H NMR spectrum of CP(II) was measured in different deuterated solvents CD3CN, 
DMSO-d6 and acetone-d6 at 298 K (Table 4.1) The 
1H NMR spectra in the deuterated solvents 
show that CP(II) contains six signals allocated to protons in different chemical environments. 
The chemical shift values (δ, ppm) and chemical shift changes (∆δ, ppm) in DMSO-d6 and 
acetone-d6 relative to CD3CN for all CP(II) protons are listed in Table 4.1. The 
1H NMR data 
show a marked downfield shift in the N-H protons when compared to the chemical shift 
changes observed for other protons in moving from acetone-d6 to DMSO-d6. The 
largest deshielding chemical shift change was recorded for the N-H protons of CP(II) in 
DMSO-d6. The downfield chemical shifts may be explained on the basis that DMSO-d6 is a 
dipolar aprotic solvent. The oxygen atoms of DMSO-d6 behave as basic centres and are able to 
interact with the NH groups of CP(II) through hydrogen bond formation.These results were 
discussed in detail in a previous study by Danil de Namor and co-workers [47]. The absence 
of the NH signal in the 1H NMR spectra of CP(II) in CD3CN solvent can be noticed although 
it appeared in the 1H NMR spectrum of CP(II) in acetone-d6 and DMSO-d6 . In the case of a 
protophilic dipolar aprotic solvent such as DMSO-d6 the absence of the NH signal  may be due 
to its interaction through hydrogen bond formation with the basic donor oxygen atoms of the 
solvent. Therefore, the most pronounced chemical shifts were observed in DMSO-d6 as 
compared with other solvents. For comparison purposes, the results obtained by Danil de 
Namor and co-workers [47] for this ligand in CD3CN and d6-acetone solvents are also included 
in Table 4.1. It can be seen that there is agreement between the two sets of data. .  
Using CD3OD as the solvent, Danil de Namor et al. [47] found that the chemical shifts 
of the protons of CP(II) are affected by the solvent, particularly the OH and the NH 
functionalities. More pronounced downfield chemical shift changes were found for the NH and 
the OH proton in CD3OD (protic solvent) relative to that in CD3CN (dipolar aprotic solvent). 
This was attributed to either the tendency of CD3OD solvent to enter hydrogen bond formation 
with the OH and the NH functionalities of the receptor or to the exchange of OH with OD 
in CD3OD.   
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Table 4.1 1H NMR data for CP (II) in different non-aqueous  
deuterated solvents at 298 K (CD3CN as a reference solvent). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.1.2 1H NMR titrations of CP(II) with metal cations in CD3CN at 298 K. 
The chemical shift changes (∆δ, ppm) observed in the 1H NMR spectra of CP(II) on 
addition of alkali (Li+, Na+, K+, Rb+, Cs+), alkaline-earth (Mg2+, Ca2+, Sr2+, Ba2+), transition 
and heavy metal cations (Zn2+, Ag+, Cd2+, Pb2+) as perchlorates (Hg2+ as nitrate) in CD3CN at 
298 K are listed in Table 4.2. However, metal cations such as Cu2+, Ni2+ and Co2+ could not be 
studied due to their paramagnetic effect. To avoid any decomposition of the ligand, small 
quantities of metal cations were used and presences of all original peaks of the macrocycle were 
checked after each addition. Chemical shift changes (∆δ, ppm) for each proton with respect to 
the reference free ligand were calculated using the following equation (eqn. 35): 
∆δ = δcomplex- δreference  [35] 
As can be seen from Table 4.2, no significant changes in the chemical shift of the 
protons of this ligand were observed by the addition of any of the metal cation salts in CD3CN 
 
δ(ppm)a 
Solvent 
1 
HN 
2 
Hpyr 
3 
CH3 
4 
HAr(O) 
5 
HAr(m) 
6 
OH 
CD3CN -- 5.98 1.82 6.69 6.74 7.89 
d6-acetone 8.11 5.95 1.80 6.65 6.73 8.73 
∆δ -- -0.03 -0.02 -0.04 -0.01 0.84 
DMSO-d6 9.43 5.93 1.71 6.62 6.69 9.24 
∆δ -- -0.05 -0.11 -0.07 -0.05 1.35 
 δ(ppm)b 
CD3CN -- 5.98 1.82 6.66 6.76 7.89 
d6-acetone 8.22 5.95 1.82 6.64 6.79 8.75 
∆δ -- -0.03 0 -0.02 0.03 0.86 
CD3OD 9.06 5.75 1.87 6.65 6.90 -- 
∆δ -- -0.23 0.05 -0.01 0.14 -- 
a This work; b Ref. [47]. 
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at 298 K. This indicates that the 1H NMR spectrum of CP (II) upon addition of these metal 
cations is very similar to that of the the free macrocycle. Therefore, it can be concluded that 
there is no evidence of complexation between this ligand and these cations in this solvent.  
 
Table 4.2 1H NMR Chemical Shift Changes (∆δ, ppm) observed upon the addition of  
metal cation salts to CP(II) relative to the free ligand in CD3CN at 298 K.   
                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   ∆δ (ppm)    
   CD3CN    
 H-1 H-2 H-3 H-4 H-5 H-6 
δRef 0 5.98 1.82 6.69 6.74 7.89 
Li+ 0 -0.01 -0.01 0.01 -0.01 0.01 
Na+ 0 -0.01 0.01 -0.01 -0.03 0.01 
K+ 0 -0.01 0.00 0.01 0.00 0.01 
Rb+ 0 -0.01 -0.01 0.01 -0.01 -0.01 
Cs+ 0 0.01 0.01 0.01 -0.01 0.01 
Mg2+ 0 -0.01 -0.01 0.01 0.02 0.01 
Ca2+ 0 -0.01 0.00 -0.01 -0.01 0.01 
Sr+2 0 -0.01 -0.01 0.01 -0.01 0.01 
Ba2+ 0 -0.01 -0.01 0.01 0.02 0.01 
Zn2+ 0 -0.01 -0.01 0.01 -0.01 0.01 
Ag+ 0 -0.01 0.00 0.01 -0.01 0.01 
Cd2+ 0 -0.02 -0.01 0.05 0.01 -0.01 
Hg2+ 0 -0.03 0.01 0.01 -0.06 -0.01 
Pb2+ 0 -0.01 -0.01 0.01 -0.01 -0.01 
* 1H NMR experiments were carried out using the following volumes and concentrations: 
[Mn+]=1.35-1.94×10-3 mol.dm-3; volume of metal ion=0.5 cm3; [CPII]=4.70×10-4 mol.dm-3; and 
volume of CPII ligand=0.5 cm3. 
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4.2 Characterisation of meso-tetramethyl-tetrakis[(N,Ndiethylacetamide) phenoxy-
methyl]calix[4]pyrrole, CPA.  
4.2.1 Characterisation of CPA using 1H NMR in two different solvents at 298 K 
 
Table 4.3 shows the chemical shift values (δ, ppm) and chemical shift changes (∆δ, 
ppm) of CPA in deuterated acetonitrile, CD3CN (reference solvent) relative to deuterated 
chloroform, CDCl3 (
1H NMR spectra of CPA in CD3CN and CDCl3 are shown in Appendix). 
It can be seen that the CPA ligand in both solvents shows eight sets of protons in different 
environments. For comparison purposes the results previously obtained for this ligand in a 
variety of solvents are also included [66]. In general agreement is found between the two sets 
of data except for H-1. While a downfield chemical shift change of 0.34 ppm was found 
previously, hardly any change was observed in this work. Given that neither chloroform nor 
acetonitrile are able to enter hydrogen formation, these solvents are unlikely to interact with 
the NH moiety of the pyrrole rings of the receptor.  Most downfield chemical shift changes are 
observed for protons H-2 and H-2’ not only in these two solvents but also in solvents previously 
investigated which suggest that the lone pair of electrons on the nitrogen atom of the pyrrol 
ring can be delocalized by resonance.  
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Table 4.3 1H NMR data for CPA in deuterated acetonitrile and deuterated  
chloroform chloroform solvents at 298 K (CDCl3 as a reference solvent). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H
1
6
2
7
CH3
7'
8
3
8'
4
5
2'
 
 
 
δ(ppm)a 
Solvent H-1 H-2 H-2' H-3 H-4 H-5 H-6 H-7 H-7' H-8 H-8' 
CD3CN 7.98 6.00 5.99 1.83 6.82 6.76 4.68 3.35 3.32 1.20 1.08 
CDCl3 8.04 5.76 5.76 1.92 7.01 6.79 4.65 3.41 3.37 1.24 1.12 
∆δ -0.06 0.24 0.23 -0.09 -0.19 -0.03 0.03 -0.06 -0.05 -0.04 -0.04 
δ(ppm)b 
CD3CN 7.99 6.00 5.99 1.83 6.81 6.76 4.68 3.34 3.34 1.20 1.08 
CDCl3 7.65 5.73 5.72 1.95 7.10 6.84 4.66 3.40 3.40 1.26 1.14 
∆δ 0.34 0.27 0.27 -0.12 -0.29 -0.08 0.02 -0.06 -0.06 -0.06 -0.06 
Acetone 
-d6 
8.81 6.00 5.99 1.83 6.83 6.82 4.73 3.42 3.4 1.25 1.10 
∆δ 1.16 0.27 0.27 -0.12 -0.27 -0.02 0.07 0.02 0 -0.01 -0.04 
DMSO 
-d6 
9.46 5.96 5.95 1.74 6.79 6.77 4.66 3.29 3.22 1.14 1.00 
∆δ 1.81 0.23 0.23 -0.21 -0.31 -0.07 0 -0.11 -0.18 -0.12 -0.14 
CD3OD 9.11 5.77 5.76 1.90 7.01 6.89 4.75 3.42 3.42 1.19 1.13 
∆δ 1.46 0.04 0.04 -0.05 -0.09 -0.05 0.09 0.02 0.02 -0.07 -0.01 
DMF  
-d7 
9.31 6.02 6.01 1.82 6.91 6.82 4.79 3.42 3.42 1.25 1.11 
∆δ 1.66 0.29 0.29 -0.13 -0.19 -0.02 0.13 0.02 0.02 -0.01 -0.03 
             
a From this work 
b From Ref. [66] 
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4.2.2 1H NMR titrations of CPA with metal cations in CD3CN at 298 K. 
 
Table 4.4 shows the chemical shift changes (∆δ, ppm) in the 1H NMR spectra of CPA 
in CD3CN upon the addition of the metal ion salts (as perchlorates except for Hg(II) cation, 
nitrate as counter-ion) relative to the free ligand in this solvent at 298 K. It can be noted from 
1H NMR that no significant changes in the chemical shift of all these protons upon the addition 
of Li+, Na+, K+, Cs+, Rb+, Zn2+, Cd2+ and Ag+ salts are obtained. From these findings, it can be 
concluded that this ligand does not interact with these cations in this solvent. On the other hand, 
significant downfield chemical shift changes were only observed upon the addition of Ca2+ (H-
4, H-5), Sr2+ (H-5), Ba2+ (H-5) and Mg2+ (H-5). Deshielding of proton H-5 of the benzene ring 
of the phenoxy group may be attributed to its closeness to the acetamide group of the pendent 
arms. Therefore, it can be concluded that these cations being of the hard Lewis acid type may 
interact with CPA through the phenolic and the carbonyl oxygens of the amide moiety (hard 
Lewis base).  
As far as Hg2+ and Pb2+ ions are concerned, the significant downfield chemical shift 
changes in the case of Hg2+ are observed in H-6, H-7, H-7’,H-8 and H-8’ protons while for 
Pb2+  are observed in H-4, H-6, H-7, H-7’, H-8’ sites. The deshielding of these protons may be 
attributed to the phenolic oxygen and the carbonyl group of the acetamide arm group and the 
one next to the nitrogen atom of the acetamide nitrogen in contrast to the N-H proton (H-1) 
which is shielded in the case of  Pb2+ (-0.46 ppm) and even more pronounced for Hg2+ (-0.95 
ppm). These findings provide a clear indication that CPA interacts with the metal cations via 
ion-dipole interaction between metal cation and the donor atoms present in the pendant arms 
(amide functional group). It is also concluded that full substitution of calix[4]pyrrole by 
sufficient pendant groups leads to an enhanced ability of this modified ligand to enter 
complexation.  
In a previous study of this ligand, El Gamouz [66] reported the chemical shift changes 
of the metal cations (See Introduction, Table 1.2) under the same experimental conditions. 
There are some differences in the chemical shift changes of this work as compared to that 
previously reported [66].The main one is that related to Mg (II) where a chemical shift change 
of 0.15 ppm in H-5 was found by El Gamouz while in this work was 0.09 ppm. Certainly the 
dryness of the metal ion salts may caue these differences. So far it is not possible to reach a 
definite conclusion regarding whether or not complexation not takes place between CPA and 
this cation in this solvent. This is to be confirmed by conductance and calorimetric 
measurements to be discussed below. 
RESULTS AND DISCUSSION                                                                                 4 
119 
  
T
a
b
le
. 
4
.4
 1
H
 N
M
R
 C
h
em
ic
al
 S
h
if
t 
C
h
an
g
es
 (
∆
δ,
 p
p
m
) 
in
 t
h
e 
1
H
 N
M
R
 o
b
se
rv
ed
 u
p
o
n
 t
h
e 
ad
d
it
io
n
 o
f 
m
et
al
 c
at
io
n
 s
al
ts
 t
o
 C
P
A
 r
el
at
iv
e 
to
 
th
e 
fr
ee
 l
ig
an
d
 i
n
 C
D
3
C
N
 a
t 
2
9
8
 K
. 
 
∆
δ
 (
p
p
m
) 
C
D
3
C
N
 
H
-8
’ 
1
.0
8
 
0
.0
2
 
0
.0
1
 
-0
.0
1
 
0
 
0
 
0
.0
6
 
0
.0
6
 
0
.0
2
 
0
.0
3
 
0
.0
2
 
-0
.0
2
 
0
.0
4
 
0
.1
1
 
0
.1
1
 
H
-8
 
1
.2
0
 
0
.0
1
 
0
.0
1
 
-0
.0
1
 
0
 
0
.0
1
 
0
.7
 
-0
.0
3
 
0
.0
1
 
0
.0
1
 
0
.0
5
 
-0
.0
5
 
0
.0
3
 
0
.1
0
 
0
.0
4
 
H
- 
’ 
3
.3
2
 
0
.0
1
 
0
.0
0
 
-0
.0
1
 
0
 
0
 
0
.0
5
 
0
.0
7
 
0
.0
7
 
0
.0
8
 
0
.0
4
 
0
.0
1
 
0
.0
5
 
0
.2
0
 
0
.1
0
 
H
-7
 
3
.3
5
 
0
.0
2
 
-0
.0
1
 
-0
.0
1
 
0
 
0
 
0
.0
7
 
0
.0
8
 
0
.0
6
 
0
.0
6
 
0
.0
6
 
-0
.0
1
 
0
.0
3
 
0
.1
5
 
0
.1
6
 
H
-6
 
4
.6
8
 
0
.0
3
 
-0
.0
1
 
0
.0
0
 
0
 
0
 
0
.0
5
 
-0
.0
1
 
-0
.0
2
 
-0
.0
2
 
0
.0
5
 
0
.0
4
 
0
.0
3
 
0
.1
9
 
0
.3
2
 
H
-5
 
6
.7
6
 
0
.0
8
 
0
.0
1
 
0
.0
1
 
0
 
0
.0
1
 
0
.1
 
0
.1
2
 
0
.1
2
 
0
.1
1
 
0
.0
6
 
0
.0
4
 
0
.0
6
 
0
.0
7
 
0
.0
9
 
H
-4
 
6
.8
2
 
0
.0
4
 
0
.0
1
 
0
.0
0
 
0
 
0
 
0
.0
5
 
0
.1
0
 
0
.0
7
 
0
.0
6
 
0
.0
2
 
0
.0
3
 
0
.0
4
 
0
.0
4
 
0
.1
8
 
H
3
 
1
.8
3
 
0
.0
2
 
0
.0
0
 
0
.0
0
 
0
 
0
 
0
.0
2
 
0
.0
2
 
0
.0
2
 
0
.0
2
 
0
.0
2
 
0
.0
1
 
0
.0
1
 
-0
.0
3
 
0
.0
5
 
H
-2
’ 
5
.9
9
 
0
.0
4
 
0
.0
1
 
-0
.0
1
 
0
 
0
.0
1
 
0
.0
5
 
0
.0
4
 
0
.0
2
 
-0
.0
3
 
0
.0
4
 
0
.0
5
 
0
.0
3
 
0
.1
1
 
0
.0
5
 
H
-2
 
6
.0
0
 
0
.0
4
 
0
.0
1
 
-0
.0
1
 
0
 
0
.0
1
 
0
.0
5
 
0
.0
4
 
0
.0
2
 
0
.0
2
 
0
.0
4
 
0
.0
4
 
0
.0
2
 
0
.1
0
 
0
.0
5
 
  
  
  
  
  
  
  
  
  
H
-1
  
  
  
  
  
  
  
  
  
  
  
  
7
.9
8
 
-0
.1
1
 
0
.0
1
 
0
.0
1
 
0
 
-0
.0
1
 
-0
.1
0
 
-0
.0
8
 
-0
.0
9
 
-0
.0
9
 
-0
.0
6
 
-0
.0
3
 
-0
.0
3
 
-0
.9
5
 
-0
.4
6
 
δ
R
e
f 
L
i+
 
N
a+
 
K
+
 
R
b
+
 
C
s+
 
M
g
2
+
 
C
a2
+
 
S
r+
2
 
B
a2
+
 
Z
n
2
+
 
A
g
+
 
C
d
2
+
 
H
g
2
+
 
P
b
2
+
 
 
 
 
 
 
*
 
1
H
 
N
M
R
 
ex
p
er
im
en
ts
 
w
er
e 
ca
rr
ie
d
 o
u
t 
u
si
n
g
 t
h
e 
fo
ll
o
w
in
g
 
v
o
lu
m
es
 a
n
d
 c
o
n
ce
n
tr
at
io
n
s:
  
 [M
n
+
]=
 1
.1
0
×
1
0
-3
 m
o
l.
d
m
-3
 
V
o
lu
m
e 
o
f 
m
et
al
 i
o
n
 =
 0
.5
 c
m
3
 
[C
P
A
]=
 2
.1
7
×
1
0
-4
  
m
o
l.
d
m
-3
 
V
o
lu
m
e 
o
f 
C
P
A
=
 0
.5
 c
m
3
 
 
 
RESULTS AND DISCUSSION                                                                                 4 
120 
4.2.3 Conductance studies of CPA and metal cations 
 
The results of the conductivity cell constant (l/A, cm-1) and conductometric titrations 
of CPA and metal cations are shown and discussed as follows:  
  
4.2.3.1 Determination of the constant of the conductivity cell. 
The constant of the conductivity cell was determined using the method described in the 
Experimental (Section 3.5.A). The final concentration of KCl, C2 (mol.dm
-3) in the vessel was 
calculated using eqn. 36 as follows: 
 
C2 = C1×V1/V2                      [36] 
 
In eqn. 36, C1 (mol/dm
3) represents the initial concentration of KCl solution while V1 
(ml) and V2 (ml) denote the initial volume of the aqueous solution of potassium chloride, KCl 
in the reaction vessel, and the final volume of solution in the cell after each addition 
respectively. Table 4.5 displays the calculated molar conductances and the cell constant data 
for KCl (0.1 mol dm-3) in water at 298.15 K. 
 
Table 4.5 Molar conductance (Λm) and the cell constant (θ)  
obtained for KCl (0.1 mol dm-3) in water at 298.15 K. 
 
Λm (S.cm2.mol-1) θ(cm-1) 
147.06 1.01 
146.11 1.09 
145.40 1.09 
144.82 1.07 
144.32 1.09 
143.88 1.07 
143.49 1.05 
143.13 1.10 
142.80 1.09 
 
From the data presented above (Table 4.5), the average value for the cell constant 
obtained at 298.15 K, θ (cm-1) was 1.07 ± 0.03 cm-1. This is in good agreement with the value 
given by the Supplier (θ=1.0 cm-1) and also with that reported by Zegarra Fernandez [253].  
The results obtained of the conductometric titrations for CPA with alkali, alkaline-earth 
and heavy metal cations in acetonitrile are now discussed.  
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4.2.3.2 Conductometric titration of metal cations (as perchlorate salts) with CPA in 
CH3CN at 298.15 K. 
  
From the results (Table 4.6, column A), it can be seen that the limiting molar 
conductance, Λm values for these metal cation salts s recorded at zero ligand concentration in 
CH3CN are somewhat close to the limiting molar conductances, Λ°m  reported in the literature 
(Table 4.6, column B) [254-255]. Moreover, plots of molar conductance, Am (S.cm
2.mol-1) 
against the ligand/metal cation concentration ratio for CPA and metal cations are illustrated in 
Figs. 4.1-4.13. Also, the conductometric titrations of metal cations with CPA were carried out 
in CH3CN at 298.15 K. It can be seen that no changes in the molar conductances were 
obsereved by the addition of CPA to these metal cations, Li+, Na+, K+, Rb+, Cs+, Zn2+, and Ag+. 
These findings proved that this ligand is unable to compete effectively with the solvent for the 
cation and, therefore, very weak or no complexation occurs between this ligand and these 
cations. A slight change in curvature was detected in the conductometric titration of Cd2+ ion 
with CPA at the reaction stoichiometry of 1:1, indicating that weak complexation occurs 
between CPA and this cation in CH3CN. These results of conductivities for these ions with 
CPA are cmpatible with the small changes in chemical shifts observed in the NMR. On the 
other hand, conductometric titrations for CPA with Mg2+, Ca2+, Sr2+ and Ba2+ metal cations 
show a sharp decrease in molar conductance in moving from the free to the complex cation and 
a well-defined curvature is found at the 1:1 (ligand:cation) ratio.  
Regarding the conductometric titration curve for Hg (II) as nitrate (Fig. 4.12), the break 
observed at 1:2 (CPA : Hg2+) stoichiometry indicates that strong complexation occurs between 
two Hg2+ cations and one unit of CPA ligand (eqn. 37). However, the decrease in conductance 
in moving from A to B may be attributed to the lower mobility of the Hg (II)-CPA complex 
relative to the free cation.  
 
2Hg2+ (MeCN) + CPA (MeCN)  ↔  [Hg2CPA]4+ (MeCN)        [37] 
 
Further addition of the CPA lead to an increase in the conductance from B to C with 
the formation of a 1:1 complex (eqn. 38). This may be due to the transport of one Hg2+ cation 
from the CPA Hg (II) complex (1:2 ratio) to the free ligand. This has been previously explained 
by Danil de Namor and co-workers [115] for the interaction of 5, 11, 17, 23-tetra-tert-
butyl[25,27-bis(diethylthiocarbamoyl)oxy]calix[4]arene with Hg2+ (as perchlorate) in 
acetonitrile solvent at 298.15 K.  
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[Hg2CPA]
4+ (MeCN) + CPA (MeCN)  ↔ 2[HgCPA]2+ (MeCN)        [38] 
 
As far as Pb (II) is concerned El Gamouz [66] found a stoichiometry of 1:1 between 
CPA and Pb2+. When these ratios are reached, very little changes in molar conductance take 
place during the course of the titration. This decrease in conductance as the reaction proceeds 
is attributed to the lower mobility of the complex (Mn+CPA) relative to the free cation (Mn+) 
where the size of complex becomes larger than the free cation [115]. From these results, it can 
therefore be concluded that the CPA ligand can form complexes with Cd2+, Mg2+, Ca2+, Sr2+, 
Ba2+, Pb2+ and Hg2+ in CH3CN at 298.15 K.  
 
at CN3CH  salts in  for the metal cation molar conductance, ΛM Table 4.6                 
 column B)( values literature and A)column ( axperimental values, E298.15 K               
[254-255].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Metal ion salt 
A B 
Λm (S.cm2.mol-1) Λom (S.cm2.mol-1) 
LiClO
4
 154.12 173.0b 
NaClO
4
 178.76 180.6b 
KClO
4
 186.8 187.3b 
RbClO
4
 184.4 189.3b 
CsClO
4
 180.22 191.0b 
Mg(ClO
4
)
2
 295.49 303.8c 
Ca(ClO
4
)
2
 314.51 323.5c 
Sr(ClO
4
)
2
 323.06 340.0c 
Ba(ClO
4
)
2
 348.34 363.3c 
Zn(ClO
4
)
2
 288.16 310.0c 
AgClO
4
 182.8 189.9c 
Cd(ClO
4
)
2
 345.85 352.3c 
Hg(NO
3
)
2
 352.0 374.4c 
Pb(ClO
4
)
2
 336.68 348.1c 
 
a Since error bars are so small they thus are not shown in figures on pages p123-
p127. 
b From Ref. [223] 
c  From Ref. [224] 
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Fig 4.1 The conductometric curve for the titration of lithium  
(as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
Fig 4.2 The conductometric curve for the titration of sodium  
 (as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K.  
 
Fig 4.4 The conductometric curve for the titration of potassium (as perchlorate                   
anhydrous salt) with CPA in CH3CN at 298.15 K. 
 
 
 
 
 
Fig 4.3 The conductometric curve for the titration of potassium  
(as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
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Fig 4.4 The conductometric curve for the titration of strontium (as perchlorate              
anhydrous salt) with CPA in CH3CN at 298.15 K. 
 
 
Fig 4.4 The conductometric curve for the titration of rubidium  
 (as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
Fig 4.5 The conductometric curve for the titration of cesium  
(as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
Fig 4.6 The conductometric curve for the titration of magnesium  
 (as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
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Fig 4.7 The conductometric curve for the titration of calcium  
 (as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
Fig 4.8 The conductometric curve for the titration of strontium  
(as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
Fig 4.9 The conductometric curve for the titration of barium 
(as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
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Fig 4.10 The conductometric curve for the titration of zinc  
(as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
 
   
Fig 4.11 The conductometric curve for the titration of cadmium 
(as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K.  
 
 
 
 
 
 
 
 
 
Fig 4.12 The conductometric curve for the titration of mercury                                              
(as nitrate anhydrous salt) with CPA in CH3CN at 298.15 K.  
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Fig 4.13 The conductometric curve for the titration of silver                    
(as perchlorate anhydrous salt) with CPA in CH3CN at 298.15 K. 
The thermodynamic characterisations of this ligand, CPA with metal cations are 
discussed in the next section. 
4.2.4 Thermodynamic studies of the complexation of CPA with metal cation.  
4.2.4.1 Calibration of calorimeter instrument (ITC). 
 
The standard chemical calibration of the Nano ITC2G instrument was performed as 
described in the Experimental Part of this thesis (section 3.6.A). The results and standard 
deviation values are included in Table 4.7 (ITC thermograms are shown in Appendix). A 
computer program (Nano Analyze Data Analysis software, version 2.3.6) provided with the 
Nano ITC2G instrument was used to calculate log Ks and ΔcH values for the process under study. 
Other thermodynamic parameters resulting from this complexation process (barium chloride 
with 18-crown-6) in aqueous medium can be evaluated using the relationships (Helmholtz 
Gibbs Energies) as shown in eqn. 39:  
 
ΔcGo = -RTlnKS   [39] 
 
In eqn. 39, Ks denotes the stability constant (expressed as log Ks), ∆cGo is the standard 
Gibbs energy of complexation, R is the gas constant (8.314 J K-1 mol-1) and T is the temperature 
(in Kelvin).  
Combination of the standard Gibbs energy, ΔcGo and standard enthalpy, ΔcHo leads to 
the calculation of the standard entropy of complexation process, ΔcSo as shown in eqn. 40. 
 
ΔcGo = ΔcHo –TΔcSo              [40] 
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These thermodynamic parameters refer to the process in which the reactants and the 
product are in their standard state of 1 mol dm-3. As can be seen from Table 4.7, the values of 
stability constant (expressed as log Ks), standard Gibbs energy, ∆cGo, enthalpy, ∆cHo and 
entropy ∆cSo of complexation of 18-crown-6 with Ba2+ in aqueous medium at 298.15 K 
obtained in this work are in reasonable agreement with those reported in the literature by 
Briggner and Wadsö [203].  
 
Table 4.7 Thermodynamic parameters of BaCl2 binding to 18-crown-6 determined 
  by ITC in aqueous medium (deionized water) at 298.15 K.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.4.2 Determination of thermodynamic parameters of complexation of CPA with metal 
cations in CH3CN at 298.15 K. 
The titration calorimetry technique is usually used to determine the stability constant 
and the enthalpy of complexation. Therefore the Gibbs energy and the entropy of complexation 
can be calculated from these data.  A detailed information regarding the instrument used for 
obtaining the values of the stability constant and the enthalpy of complexation was given in the 
Experimental Part (Section 3.6.B). The values of thermodynamic parameters for the 
(a) 
 
ΔS0 
(JK-1 mol-1) 
 
 
 
ΔH0 
(kJ mol-1) 
 
ΔG0 
(kJ mol-1) 
 
goL 
Ks 
 
No. of Exp. 
–38 –31.48 –20.13 3.53 1 
–37 –31.41 –20.25 3.55 2 
–37 –31.62 –20.38 3.57 3 
–36 –31.19 –20.42 3.58 4 
–37 ± 1 –31.4 ± 0.2 –20.3 ± 0.1 3.60 ± 0.02 Average(a) 
(b) 
Reference 
∆cSo, 
(JK-1 mol-1) 
∆cHo, 
(kJ mol-1) 
∆cGo, 
(kJ mol-1) 
log Ks 
This work(a) -37 ± 1 -31.4 ± 0.2 -20.3 ± 0.1 3.60±0.02 
[212] -33.0 ± 0.3 -31.4 ± 0.2   -21.5 ± 0.1 3.8±0.1 
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complexation between CPA and metal cations in CH3CN at 298.15 K are listed in Table 4.8 
(ITC thermograms are shown in Appendix). The standard deviations of the data are also 
included in this Table.  
The first step in the thermodynamic investigation of the complexation process is to 
ensure that the model or equation used is representative of the process taking place in solution 
taking into account that any model suggested must fit the experimental data. Thus, the 
thermodynamic data listed in Table 4.8 are referred to the process described in eq. 41 for the 
formation of 1:1 complexes and eq. 42 for 1:2 (ligand: cation) complexes. 
 
Mn+ (sol) + CPA (sol)                   (MCPA)n+ (sol)                        [41] 
 
(MCPA)n+ (sol) + Mn+ (sol)                    (M2CPA)
2n+ (sol)                         [42] 
 
In eqns. 41 and 42, sol and Mn+ denote the solvent and metal cation respectively. The 
related thermodynamic stability constants Ks1 and Ks2 are expressed in terms of activities by: 
 
𝐾𝑠1 =
𝑎
(𝑀𝐶𝑃𝐴)𝑛+
𝑎𝑀𝑛+. 𝑎𝐶𝑃𝐴
=
[(𝑀𝐶𝑃𝐴)𝑛+].𝛾
𝑀𝐶𝑃𝐴𝑛+
[𝑀𝑛+][𝐶𝑃𝐴].𝛾𝑀𝑛+ .𝛾𝐶𝑃𝐴
                                      [43] 
𝐾𝑠2 =
𝑎
(𝑀2𝐶𝑃𝐴)
2𝑛+
𝑎𝑀𝑛+. 𝑎(𝑀𝐶𝑃𝐴)𝑛+
=
[(𝑀2𝐶𝑃𝐴)
2𝑛+].𝛾
(𝑀2𝐶𝑃𝐴)
2𝑛+
[𝑀𝑛+][(𝑀𝐶𝑃𝐴)𝑛+].𝛾𝑀𝑛+ .𝛾𝑀𝐶𝑃𝐴𝑛+
            [44] 
In eqns. 43 and 44, 𝑎 denotes activity, 𝛾𝑀𝑛+, 𝛾𝑀𝐶𝑃𝐴𝑛+and γM2CPA2n+are the mean molar 
activity coefficients of the free metal ion, and the two formed complexes respectively while 
𝛾𝐶𝑃𝐴, is the molar activity coefficient of the free ligand 
Since the experiments are carried out at very low concentrations, the activity 
coefficients of CPA, 𝛾𝐶𝑃𝐴 are assumed to be equal to unity [256]. On the other hand, the activity 
coefficients of free metal ions, 𝛾𝑀𝑛+ as well as two complexes, 𝛾𝑀𝐶𝑃𝐴𝑛+and γM2CPA2n+ are 
considered to be equal to one another and their ratio can be  assumed as unity. Therefore, the 
complex stability constants, Ks1 and Ks2 are expressed in terms of  molar concentrations as 
represented as below:  
 
Ks1 =
[(MCPA)n+]
[Mn+].[CPA] 
                       [45] 
Ks2 =
[(𝑀2𝐶𝑃𝐴)
2𝑛+]
[Mn+].[(MCPA)n+]
             [46] 
Ks2 
Ks1 
RESULTS AND DISCUSSION                                                                                 4 
130 
On the basis of enthalpy and entropy contributions to the Gibbs energy, the 
complexation process can be either enthalpically (|∆Ho|>|T∆So|) or entropically (|∆Ho|<|T∆So|) 
controlled [257], thus, from the thermodynamic data included in Table 4.8 it can be concluded 
that the complexation processes between CPA and metal cations are enthalpically controlled 
except for Hg2+ (1:2 and (1+2) ratios) where the complexation process is entropically 
controlled.  However, the enthalpy values, ∆cHo, are all negative, which indicate that the 
formations of these complexes are exothermic processes. Moreover, the complexation 
processes between CPA and Mg2+, Ba2+ and Sr2+ cations are enthalpically favoured and 
entropically unfavoured while in the case of Ca2+, Zn2+, Cd2+, Pb2+ and Hg2+ (1:2, 1:1 and 1+2 
processes) cations the processes are enthalpically and entropically favoured.  A similar pattern 
have been observed when meso-tetramethyl tetrakis {4[2-(ethylthio)ethoxy]phenyl}-
calix[4]pyrrole was  complexed with Hg2+ [65]. The results for Hg2 reveal that the formation 
of 1:1 and 1:2 complexes is enthalpically controlled and entropically favoured. The highest 
values for log Ks for 1:1 complexes are found to be for mercury, Hg
2+, and then lead, Pb2+, in 
contrast to the low log Ks values found for Ba
2+, Sr2+ and Zn2+ cations (log Ks≈3.6). These 
findings indicate that CPA has a high host capacity and selective preference towards Hg2+ and 
to a lesser extent Pb2+ cations relative to other cations. Thus, the stability constants follow the 
sequence Hg2+ > Pb2+> Ca2+ > Mg2+ > Cd2+> Sr2+> Ba2+ ≈ Zn2+. These results seem to be 
somehow in good agreement with 1H NMR and conductivity investigations for CPA with these 
cations except for Cd2+ and Zn2+ ions. This may be due to the slow kinetics of complexation 
between these two metal cations and CPAin acetonitrile. 
In a previous study El-Gamouz [66] demonstrated that 1:1 complexes are formed with 
metal cations mentioned above except for Hg2+ where a complex of 1:2 (ligand: metal) 
stoichiometry is formed also. He found that the highest log Ks values for 1:1 complexes was 
that for cadmium and therefore the stability constant follows the sequence Cd2+ > Pb2+ > Ba2+ 
> Sr2+ > Hg2+ > Ca2+ > Li+. These findings are different than what we found in this study. 
However the fact that an ion selective electrode for Hg(II) was designed as discussed later on 
and the selectivity coefficients show that neither Cd(II) nor Pb(II) interfere with the electrode 
based on this receptor provides a clear indication that this host is selective for the Hg(II) cation 
relative to Pb(II) and Cd(II). 
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Table 4.8 Thermodynamic parameters of complexation of CPA with metal cations in 
         acetonitrile at 298.15 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In an attempt to assess the role of metal cation desolvation and ligand binding processes 
on the thermodynamics of complexation involving CPA and these metal cations in MeCN. 
Gibbs energies, ∆cGo data are plotted against corresponding solvation data ∆hydGo as shown in 
Fig. 4.14. The reason of using hydration (Table 4.9) rather than solvation data for these metal 
cations is due to the limited availability of the latter for these cations (∆solvGo) in MeCN [258]. 
In any case the values will differ slightly due to the medium effect but the trend observed would 
be the same given that the Gibbs energies of transfer of these cations are expected to be small 
relative to the Gibbs energies of solvation. In fact the Gibbs energy of solvation in acetonitrile 
is given by the following equation. 
 
∆solvGo = ∆hydGo   + ΔtGo (M2+) (H2O→MeCN)     [47] 
 
Cation (Mn+:CPA) log Ks 
∆cGo, 
(kJ mol-1) 
∆cHo, 
(kJ mol-1) 
∆cSo, 
(JK-1.mol-1) 
Mg2+ 1:1 4.20 ± 0.01 -23.9 ± 0.2 -33.6 ± 0.1 -33 
Ca2+ 
1:1 4.50 ± 0.06 -25.8 ± 0.4 -14.9 ± 0.1 36 
Sr2+ 1:1 3.60 ± 0.01 -20.8 ± 0.2 -26.8 ± 0.1 -21 
Ba2+ 1:1 3.6 ± 0.1 -20.8 ± 0.3 -27.9 ± 0.1 -24 
Cd2+ 1:1 3.8 ± 0.1 -21.7 ± 0.3 -51.7 ± 0.3 20 
Zn2+ 1:1 3.6 ± 0.1 -20.60 ± 0.01 -16.1 ± 0.1 15 
Pb2+ 1:1 5.50 ± 0.01 -31.4 ± 0.2 -24.8 ± 0.2 22 
Hg2+ 
1:1 6.5 ± 0.1 -37.2 ± 0.2 -22.5 ± 0.5 49 
1:2 5.6 ± 0.1 -32.3 ± 0.2 -2.5 ± 0.5 99 
(1+2) 12.2 ± 0.1 -69.5 ± 0.2 -25.0 ± 0.5 148 
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From the trend observed in Fig. 4.14, it can be seen that there is hardly any correlation 
between ∆cGo and ∆hydGo. In fact this correlation can be found only in cases where the solvation 
of the cation is the only factor controlling the complexation process. However,  a variety of 
factors influence host-guest interactions such as the cavity size of the receptor , the type of 
conformation, surface charge density and the hardness and the softness of the metal cation.and 
the solvation of the receptor and the complex. 
 
Table 4.9 The values of standared Gibbs free energy (∆hydGo), standared enthalpy 
(∆hydHo), [259] and standared entropy (∆hydSo) of hydration for metal cations (Mg2+, 
Ca2+, Sr2+, Ba2+, Zn2+, Cd2+, Hg2+ and Pb2+) at 298.15 K.  
 
 
 
 
 
Cation 
 
∆hydGo, 
(kJ mol-1) 
∆hydHo, 
(kJ mol-1) 
∆hydSo, 
(JK-1.mol-1) 
Mg2+ -1922.1 -1926.0 -13.1 
Ca2+ -1592.4 -1579.0 -44.9 
Sr2+ -1444.7 -1446.0 -4.4 
Ba2+ -1303.7 -1309.0 -17.8 
Zn2+ -2044.3 -2047.0 -9.1 
Cd2+ -1805.8 -1809.0 -10.7 
Hg2+ -1854.0 -1829.0 -83.9 
Pb2+ -1479.9 -1485.0 -17.1 
 
* The values of the entropy of hydration are obtained by the following equation: 
ΔhydGo = ΔhydHo –TΔhydSo 
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Fig 4.14 Standard Gibbs energies of complexation, ΔcG° for CPA and metal cations in 
acetonitrile against standard Gibbs energies of hydration, ΔhydG° of cations at 298.15 K.  
 
To analyse the thermodynamic origin of the trend observed in terms of Gibbs energies, 
the effect of cation desolvation and ligand binding in terms of enthalpies was investigated. 
From Fig. 4.15, it can be seen that the pattern obtained is similar to that observed for the Gibbs 
energies (Fig. 4.14) with the exception of the exothermic maximum which is found for Mg2+ 
rather than for Hg2+. A similar analysis was carried out in terms of entropies (Fig.4.16). The 
entropy does not follow any pattern. Undoubtedly, ligand desolvation and complex solvation 
are also important factors involved in the complexation process, none of these are involved in 
this correlation.  
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Fig 4.15 Standard enthalpy complexation, ΔcH° for CPA and metal cations in 
acetonitrile against standard enthalpy of hydration, ΔhydH° of cations at 298.15 K 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.16 ΔcS° Standard entropy complexation, ΔcS° for CPA and metal cations in 
acetonitrile against standard entropy of hydration, ΔhydS° of cations at 298.15 K.  
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4.3 Characterisation of 5, 11, 17, 23-p-tetra-tert-butyl 25, 27-dihydroxy 26, 28-bis(2-
ethoxymethoxy) calix[4]arene, L1.  
4.3.1 Characterisation of L1 using 1H NMR in different solvents at 298 K. 
The effect of the solvent on L1 was studied by the 
1H NMR technique in two non-
aqueous deuterated solvents, chloroform, CDCl3 and acetonitrile CD3CN, at 298 K. The 
chemical shift values (δ, ppm) of L1 protons in both solvents and chemical shift changes (∆δ, 
ppm) in CD3CN relative to CDCl3 are reported in Table 4.10. 
 As can be seen, 1H NMR spectra 
of L1 in both solvents are characterized by ten peaks corresponding to different protons from 
H-1 to H-10. The chemical shift changes of some L1 protons H-1, H-2, H-5, H-6, H-7, H-8 and 
H-9 are slightly different in moving from CDCl3 to CD3CN. In contrast to this, the H-3, H-4 
and H-10 protons show significant chemical shift changes in moving from CDCl3 to CD3CN. 
Significant downfield chemical shifts are observed in the aromatic protons H-3 and H-4, and 
so in the phenolic proton H-10 while a significant upfield chemical shift was observed in H-1 
in moving from CDCl3 to CD3CN. 
According to Gustsche’s suggestion [260], a chemical shift difference (∆δax-eq) between 
the axial (H-6) and equatorial (H-5) of 0.90 ppm corresponds to a calix[4]arene in a perfect 
‘cone’ conformation. However, from the 1H NMR spectra of L1 in both solvents CD3CN and 
CDCl3, it can be seen that L1 has a slightly distorted ‘cone’ conformation since the chemical 
shift changes (∆δax-eq) of the two pairs of doublets corresponding to the axial and equatorial 
protons H-6, H-5 of the methylene bridge are 1.02 and 1.10 ppm in CD3CN and CDCl3 
respectively which are not far from a perfect ‘cone’ conformation. The axial proton H-6 in both 
solvents appears in the downfield side of the spectrum when compared to the equatorial proton 
H-5 in the same solvents. This is due to the fact that this proton (H-6) is closer to the oxygen 
of the OH group located in the lower rim of the calix[4]arene. 
From these results, it can be concluded that the significant downfield chemical shifts 
observed for protons H-3 and H-4 relative to the positions for the same protons in moving from 
CDCl3 to CD3CN is attributed to the presence of acetonitrile in the hydrophobic cavity. This 
interaction which involves the solvent sitting in the hydrophobic cavity of the receptor leads to 
an allosteric effect by which the hydrophilic cavity is better pre-organised to interact with 
cations [261]. Also, a significant downfield chemical shift is observed for H-10 which may be 
attributed to hydrogen bond formation between the phenolic hydrogen and the ethereal oxygen 
and as previously demonstrated for partially substituted calix[4]arenes , the difference between 
the axial and equatorial protons is not far from 0.90 ppm , which means that the distortion of 
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the ‘cone’ conformation is not pronounced [262]. This is not the case for fully substituted 
calix[4]arenes where Δδax-eq are much higher than 0.90 ppm. The formation of hydrogen bonds 
in partially substituted calix[4]arenes between the phenolic hydrogen and the ethereal oxygen 
has been also found for other calix[4]arene derivatives in the solid state as shown by X ray 
crystallographic studies [263]. 
 
Table 4.10 1H NMR data for L1 in CD3CN and CD3Cl at 298 K  
(CDCl3 as a reference solvent). 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3.2 1H NMR titrations of L1 with metal cations in CD3CN at 298 K. 
 
Table 4.11 lists the chemical shift (δ, ppm) and their changes (∆δ, ppm) observed in the 
1H NMR spectrum upon the addition of metal cation salts (Li+, Na+, K+, Rb+, Cs+, Mg+2, Ca+2, 
Sr+2, Ba+2, Zn+2, Cd+2, Hg+2, Ag+ and Pb+2) with perchlorate as the counter ion to L1 in CD3CN 
solvent at 298 K.  
δ(ppm) 
Solvent H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-8 H-9 H-10 
CD3CN 1.20 1.16 7.22 7.15 3.34 4.36 4.18 3.90 3.52 8.11 
CDCl3 1.30 1.18 7.06 6.80 3.28 4.38 4.16 3.88 3.55 7.27 
∆δ -0.10 -0.02 0.16 0.35 0.06 -0.02 0.02 0.02 -0.03 0.84 
 
1 2
3 4
5
6
7
8
9
10
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No significant chemical shift changes were observed for all protons by the addition of 
metal ion salts with respect to the free ligand suggesting that the interaction of L1 with these 
metal cations does not take place. This may be attributed to the arrangement of the donor atoms 
located at the pendant arms (ethereal atoms) which are not appropriate for complexation with 
metal cations.  
Indeed the existence of hydrogen bond formation between neighbouring pendant arms 
are likely to play some role to prevent the interaction between these cations and this receptor. 
In an attempt to overcome the lack of complexation with metal cations, a fully substituted 
calix[4]arene derivative containing O and N donor atoms was synthesised and characterised 
and this is now discussed. 
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4.4 Characterisation of 5, 11, 17, 23-p-tetra-tert-butyl 25,27-bis(diethylamino)ethoxy-
26, 28-(bis methoxyethoxy) calix[4]arene, L2.  
4.4.1 Characterisation of L2 using 1H NMR in different solvents at 298 K. 
 
The chemical shift values (δ, ppm) of the protons in CD3CN and CDCl3 solvents and 
also the chemical shift changes (∆δ, ppm) in CD3CN relative to CDCl3 are reported in Table 
4.12. It is clear from the 1H NMR data in both solvents that L2 has thirteen sets assigned for the 
protons in different environments (from H-1 to H-13). The spectra of L2 in both solvents show 
a pair of equivalent doublets corresponding to the axial (H-6) and equatorial (H-5) protons of 
the methylene bridge. This indicates the axial and equatorial hydrogens of the methylene bridge 
are non- equivalent. The axial proton (H-6) is in the downfield side and is close to the ethereal 
oxygen while the equatorial proton (H-5) is in the upfield side and is close to the two aromatic 
benzene rings. The chemical shift changes (∆δax-eq) of the two pairs of doublets corresponding 
to the axial (H-6) and equatorial (H-5) protons are at 1.12 and at 1.26 ppm in CD3CN and 
CDCl3 respectively. These shift differences were compared to the ∆δax-eq in a system which has 
a perfect ‘cone’ conformation (∆δax-eq = 0.90 ppm) [262]. Thus, it can be concluded that L2 has 
a flattened ‘cone’ conformation in both solvents (Fig. 4.17) although the distortion of the ‘cone’ 
is much less pronounced than that observed previously for fully substituted calix[4]arenes 
[262]. This distortion seems to be slightly more pronounced in CDCl3 than in CD3CN.  
However, some of L2 protons (H-1, H-2, H-9 and H-10) show significant upfield 
chemical shifts while the  aromatic protons (H-3, H-4) show significant downfield chemical 
shift changes in moving from CDCl3 to CD3CN showing once again the well established 
hosting ability of the hydrophobic cavity of the calix[4]arene derivative for acetonitrile [114]. 
Fig. 4.17 The flattened cone conformation of L2. 
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Table 4.12 1H NMR data for L2 obtained in CD3CN and CD3Cl at 298 K 
(CDCl3 as a reference solvent). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4.2 1H NMR studies of L2 with metal cations in CD3CN at 298 K. 
 
 
Table 4.13 shows the chemical shift (δ, ppm) for the free L2 ligand and the chemical 
shift changes (∆δ, ppm) observed upon addition of alkali, alkaline-earth and heavy metal cation 
salts (as perchlorates) to L2 in CD3CN at 298 K. The results demonstrate that no significant 
changes in the chemical shift are observed for each proton relative to that of the free ligand, in 
the case of K+, Rb+, Cs+ and Ag+ cations. This indicates that L2, is unlikely to interact with 
these metal cations.  
On the other hand, significant chemical shift changes in most protons were observed 
for other cations under investigation (Li+, Na+, Mg2+, Ca2+, Zn2+, Cd2+, Hg2+ and Pb2+). Changes 
are also observed for Sr2+, Ba2+ but these are less significant. Changes were observed for the 
9
1 2
3 4
5
6
7
8
10
11
12
13
 
 
 
 
δ(ppm) 
Solvent 
H 
1 
H 
2 
H 
3 
H 
4 
H 
5 
H 
6 
H 
7 
H 
8 
H 
9 
H 
10 
H 
11 
H 
12 
H 
13 
CD3CN 1.10 1.17 7.00 7.10 3.22 4.34 3.94 3.02 3.40 4.05 3.91 2.61 1.03 
CDCl3 1.23 1.27 6.59 6.97 3.14 4.4 3.96 3.05 3.54 4.19 3.93 2.62 1.07 
∆δ -0.13 -0.10 0.41 0.13 0.08 -0.06 -0.02 -0.03 -0.14 -0.14 -0.02 -0.01 -0.04 
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methylene bridge (H-5 and H-6) suggesting that the ligand adopts a more perfect ‘cone ‘ 
conformation upon complexation with metal cations, Indeed Δδax-eq values change from 1.14 
ppm for the free ligand to 1.02, 0.71, 0.96, 0.93, 0.94, 0.96 and 0.97 ppm upon complexation 
with Li+, Na+, Mg2+, Zn2+, Cd2+, Hg2+ and Pb2+ respectively. For Sr2+ and Ba2+, the Δδ ax-eq 
values are 1.03 and 1.06 ppm which are not significantly different from that for the free ligand. 
For alkali metal cations, significant chemical shift changes are found for Li+ and Na+. For the 
former cation, dramatic downfield changes are found for H-3, H-4, H-7, H-8, H-9 and H-10, 
which are protons in the proximity of oxygen donor atoms. The interaction of this receptor with 
the sodium cation leads to less significant although appreciable downfield  chemical shift 
changes in H-1, H-3, H-4, H-7, H-9, H-10 and H-11 with upfield chemical shift changes in H-
8 and H-13. For alkaline-earth metal cations, downfield chemical shift changes are found 
mainly for H-4, H-7, H-8 and H-10 in the case of Mg2+ and Ca2+ also for H-11 and H-12 (in 
the case of Ca2+). The results so far seems to indicate that as far as the alkali and alkaline-earth 
metal cations are concerned; i) there is a size effect in that as the cation size increases down 
the group, the degree of host-guest interaction decreases to an extent that hardly any significant 
chemical shift changes are found for K+, Rb+, Cs+, Sr2+, Ba2+ except for the significant upfield 
chemical shift changes observed for H-12 for Sr2+, and to a lesser extent for Ba2+ (H-11 and H-
12), ii) Protons affected are those in close proximity to the oxygen donor atoms which are 
expected given that these are hard cations and as such these will interact with hard donor atoms 
such as oxygen. For metal cations such as Zn2+, Cd2+, Hg2+ and Pb2+ most protons show 
downfield chemical shift changes ( H-1, H-2, H-3, H-4, H-8, H-9, H-10, H-13) of a similar 
magnitude except for H-10 that in the case of  Hg2+ and Pb2+ are more significant than those 
for Zn2+ and Cd2+, However for the latter upfield chemical shift changes in H-12 are significant. 
Quite clearly there are significant differences in the characteristics observed in the 1H NMR 
pattern of alkali and alkaline-earth metal cations relative to other heavy metal cations but the 
nature of the donor atoms as well as that of the metal cation play a role in the study of host-
guest interactions and particularly the solvation of the cation, the macrocycle and the resulting 
complex. 
Conductance measurements were used to determine the composition of the complexes and 
these are discussed in the next section. 
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4.4.3 Conductance studies of L2 and metal cations (as perchlorate salts) in CH3CN at 
298.15 K.  
 
From conductometric studies (Table 4.14, column A), it can be seen the values of molar 
conductance obtained for these metal cations, Λm [L2]/[Mn+= 0] are fairly close to the limiting 
molar conductances, Λ
°
m reported in the literature [254-255] in the same solvent at 298.15 K 
as shown in Table 4.14, column A. From 1H NMR studies it seem that the L2 ligand has the 
ability to form complexes with metal cations  such as  Li+, Na+, Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, 
Cd2+, Hg2+ and Pb2+ in CH3CN at 298.15 K.  
Plots of molar conductance, Λm (S.cm2.mol-1), against the [L2]/[Mn+] concentration 
ratio are shown in Figs.4.18-4.31. These show that upon addition of the ligand L2 to metal 
cations such as K+, Rb+, Cs+ and Ag+ no significant changes in the molar conductance values 
throughout the course of the titration are observed , indicating that very weak or no 
complexation takes place between these metal cations and L2. On the other hand, metal cations 
such as Li+, Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, Cd2+, Hg2+ and Pb2+ show a considerable decrease in 
molar conductance and a clear break was observed at the 1:1 stoichiometry. This means that 
one metal cation interacts with one unit of L2 ligand. This decrease in conductance may be due 
to the lower mobility of the metal-ion complex relative to the free cation [115]. Negligible 
changes in conductance were found after a 1:1 concentration ratio is reached.  
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at CN3CH  salts in  for the metal cation molar conductance, ΛM 41Table 4.                
 column B)( values literature and A)column ( axperimental values, E298.15 K               
[254-255].   
 
                                      
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.18 The conductometric curve for the titration of lithium  
(as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
Metal ion salt A B 
Λm (S.cm2.mol-1) Λom (S.cm2.mol-1) 
LiClO
4
 169.8 173.0b 
NaClO
4
 171.3 180.6b 
KClO
4
 184.6 187.3b 
RbClO
4
 185.8 189.3b 
CsClO
4
 187.7 191b 
Mg(ClO
4
)
2
 297.9 303.8c 
Ca(ClO
4
)
2
 318.5 323.5c 
Sr(ClO
4
)
2
 327.9 340.0c 
Ba(ClO
4
)
2
 351.4 363.3c 
Zn(ClO
4
)
2
 291.8 310.0c 
AgClO
4
 184.0 189.9c 
Cd(ClO
4
)
2
 347.8 352.3c 
Hg(ClO
4
)
2
 366.3 369c 
Pb(ClO
4
)
2
 342.0 348.1c 
 
a Since error bars are so small they thus are not shown in figures on pages p144-
p149. 
b From Ref. 223  
c From Ref. 224 
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Fig 4.19 The conductometric curve for the titration of sodium  
(as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
 
Fig 4.20 The conductometric curve for the titration of potassium  
 (as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
 
Fig 4.21 The conductometric curve for the titration of rubidium  
(as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K.  
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Fig 4.22 The conductometric curve for the titration of cesium  
 (as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
 
 
Fig 4.23 The conductometric curve for the titration of magnesium  
 (as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
Fig 4.24 The conductometric curve for the titration of calcium  
 (as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
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Fig 4.25 The conductometric curve for the titration of strontium  
(as perchlorate anhydrous salt)  with L2 in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.26 The conductometric curve for the titration of barium  
 (as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
 
Fig 4.27 The conductometric curve for the titration of zinc  
(as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
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Fig 4.28 The conductometric curve for the titration of silver  
(as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
 
 
 
 
 
 
 
 
Fig 4.29 The conductometric curve for the titration of cadimum  
(as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K.  
 
 
 
 
 
 
 
 
 
Fig 4.30 The conductometric curve for the titration of mercury  
(as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K.  
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Fig 4.31 The conductometric curve for the titration of lead  
 (as perchlorate anhydrous salt) with L2 in CH3CN at 298.15 K. 
 
The thermodynamic characterisation of this ligand, L2 with metal cations in acetonitrile 
at 298.15 K is discussed in the next section.  
4.4.4 Thermodynamic studies of complexation of L2 with metal cations in CH3CN. 
 
Table 4.15 reports the thermodynamic data for the complexation of L2 with metal 
cations in MeCN at 298.15 K. The standard deviation of the data are also included in the Table. 
The data are referred to the process described by Eq. 48.  
                                        
Mn+( sol) + L2(sol )                   (ML2)
n+ (sol)             [48] 
 
In this Eq., ( ML2)
n+ denotes the metal-ion complex. 
It can be seen that the highest stability constant value is found for the 1:1 Hg2+-L2 
complex (1:1 ratio) indicating that L2 has a higher affinity for Hg(II) than others cations in 
acetonitrile. Thus, the selectivity of this ligand follows the sequence: 
 
Hg2+> Mg2+≅Pb2+> Cd2+> Na+=Ca+> Li+> Zn2+> Sr2+> Ba2+ 
 
On the basis of enthalpy and entropy contributions to the Gibbs energy of complexation, 
for cations such as Mg2+, Ca2+ and Sr2+, both, the enthalpy and entropy contribute favourably 
to the Gibbs energy of the process but the processes are enthalpically controlled. For other 
cations the pattern observed is typical of the combination of two species (cation and ligand) to 
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give one unit (the metal-ion complex). As a result there is a loss of entropy but for all the 
systems the complexation is enthalpically controlled.  
 
Table 4.15 Thermodynamic parameters of complexation of L2 with metal cations  
(Li+, Na+, Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, Cd2+, Hg2+ and Pb2+) in MeCN at 298.15 K. 
 
 
 
 
 
 
 
 
 
 
 
a) Direct microcalorimetric titration.  
b) Competitive calorimetric titration (Mg2+ , Hg2+ with Pb2+-L2 complex); (Na+ , Ca2+ 
and Cd2+ with Li+-L2 complex). 
 
The contribution of cation desolvation and ligand binding processes to the stability of 
the complexes formed between the L2 ligand and metal cations in MeCN was assessed in the 
same way as discussed for the CPA ligand and metal cations. Therefore, the complexation 
Gibbs energies for these cations and L2 (ΔcG°) are plotted against the ΔhydG° values as shown 
in Fig. 4.32. In moving from Ba2+ to Hg2+, the minimum Gibbs energy (highest stability 
constant) is that for Hg(II)L2. This indicates that the binding energy predominates over the 
energy required for cation desolvation. However a drop in stability is observed from Hg2+ to 
Zn2+ as the standard hydration Gibbs energies of the ions increases. This is due to the fact that 
as the cation solvation increases the competition between solvent and ligand for the cation 
increases and a result more energy is required to remove the solvent from the cation and as a 
result the complex stability decreases.  
 
Cation (Mn+:L2) log Ks 
∆cGo, 
(kJ mol-1) 
∆cHo, 
(kJ mol-1) 
∆cSo, 
(JK-1.mol-1) 
Li+ 1:1 4.3 ± 0.2a -24.8±0.5 -25.7 ± 0.2 -3 
Na+ 1:1 4.39 ± 0.05b -25.1±0.4 -26.9 ± 0.1 -6 
Mg2+ 1:1 5.1 ± 0.1b -29.21±0.01 -21.4 ± 0.3 26 
Ca2+ 1:1 4.39 ± 0.01b -25.07±0.01 -18.63 ± 0.01 22 
Sr2+ 1:1 3.6 ± 0.4a -20.5±0.2 -11.4 ± 0.1 31 
Ba2+ 1:1 3.38 ± 0.01a -19.3±0.1 -27.10 ± 0.01 -26 
Zn2+ 1:1 4.14 ± 0.04a -23.6±0.1 -71.3 ± 0.7 -160 
Cd2+ 1:1 4.5 ± 0.2b -25.5±0.1 -63.7 ± 0.2 -127 
Hg2+ 1:1 7.93 ± 0.01b -45. 3±0.3 -91.2 ± 0.5 -154 
Pb2+ 1:1 5.0 ± 0.1a -28.7±0.6 -65.6 ± 0.3 -123 
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Fig 4.32 Standard Gibbs energies of complexation, ΔcG° for L2 and metal cations in 
acetonitrile against standard Gibbs energies of hydration, ΔhydG° of cations at 298.15 K.  
 
Fig. 4.33 shows the complexation enthalpies for these cations against their 
corresponding, ∆
hyd
H
o 
values. Therefore, it can be seen that the trend observed in terms of 
Gibbs energy values, ∆
c
G
o 
(Fig. 4.32) for these cations in MeCN is fairly reflected in the ∆
c
H
o 
values which means that the reaction is enthalpically controlled.  
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.33 Standard enthalpy complexation, ΔcH° for L2 and metal cations in 
acetonitrile against standard enthalpy of hydration, ΔhydH° of cations at 298.15 K. 
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Fig. 4.34 shows the complexation entropies for these cations against their 
corresponding, ∆
hyd
S
o 
values. Therefore, it can be seen that the greatest loss of entropy 
(unfavourable) is found for Zn2+ ion but the favourable entropy values were found for Ca2+, 
Mg2+ and Sr2+ ions. As far as the dotted lines in the figures (4.33 and 4.34), these have been 
arbritrary drawn. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.34 Standard entropy complexation, ΔcS° for L2 and metal cations in 
acetonitrile against standard entropy of hydration, ΔhydS° of cations at 298.15 K.  
 
4.5 Heavy metal ions extraction from aqueous solutions using CPA dimer 
4.5.1    Characterization of the CPA dimer 
The CPA dimer obtained as described in the Experimental Part of this thesis (page, 95) 
was characterised by mass spectroscopy (MS). Scheme 4.1, shows the mass spectrum, MS of 
the resulting material. The residual peak observed at 2420.3 g mol-1 indicated the formation of 
a CPA dimer. Given that the molecular weight of the calix[4]pyrrole derivative, CPA, was 
found to be 1193.68 g mol-1 means that the dimer would have a molecular weight of 2379.36 
after subtracting 8.08 g mol-1 corresponding to the eight hydrogen atoms used in the linking of 
the dimer. This value was compared with the molecular weight for the peak observed at 2420.3. 
Thus, it can be seen that the difference between the theoretical and resulting value was 41.02 
g mol-1 which may be attributed to the presence of one molecule of acetonitrile (CH3CN). 
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1HNMR was used to check the product obtained. Because the integration of the number of 
hydrogen atoms contributed to form the dimer would be 4: 2379.36, therefore, their peaks are 
very small so they can be neglected.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.1 Mass spectrum of CPA dimer 
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Having synthesized and characterized the dimer and on the basis of the fundamental 
studies discussed above, extraction experiments were carried out in an attempt to assess its 
application for the removal of cations from water and this is now discussed. 
 
4.5.2 Extraction of metal cations from aqueous media by the CPA dimer under 
different experimental conditions 
 
As previously discussed by Danil de Namor and co-workers [90], in the extraction of 
ions  by neutral ligands (non water soluble) from water by using a non-aqueous solvent or a 
solid material as in this case, several processes are involved such as i) the transfer of the ion 
salt from water to the liquid or solid phase ii) the complexation or binding of the ion with the 
macrocycle and iii) the ion pair formation between the complexed ion and the counter-ion in 
the solvent or in the material and therefore it is misleading to consider that extraction data will 
universally correlate with the stability of complex formation. Next Section reports and 
discusses the various parameters considered to find the optimal conditions for the removal of 
cation salts from water by the dimer. 
The experimental results obtained using the CPA dimer for the removal of metal ions 
such as Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+ (as nitrate salts) from aqueous solutions by the batch 
mode under different experimental conditions were investigated as discussed below.  
4.5.2.1 Effect of the amount of the CPA dimer on the extraction process 
 
The results for the removal percentages (%) (see eqn. 3.33 in the Experimental part) of 
metal ion as nitrate salts [Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+] from aqueous solution as a function 
of the amount of the CPA dimer are indicated in Table 4.16. Also, shown in Figs 4. 35-4.39. 
The standard deviation was calculated from three data on the amount of metal ion salt taken up 
by the dimer which was obtained from measurements of the initial and equilibrium 
concentrations of the metal ion salt in the aqueous solution using the same extraction 
experiment.  From these results, it is observed that the removal percentage of all cations under 
study increases gradually with raising the amount of CPA. This increase in the removal 
percentages of metal ions by increasing the amount of the CPA dimer may be attributed to the 
availability of more binding sites resulting from an increase in the amount of material. On the 
other hand, further addition of the amount of the CPA dimer did not cause any significant 
change in the removal percentages for these metal ions from aqueous solutions. This indicates 
that the maximum removal percentage is attained after a specific amount of the CPA dimer is 
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used. Therefore, the amount of CPA dimer used for the experimental investigation with other 
parameters was set at the optimum value obtained of CPA dimer (0.10 g for Hg2+; 0.14 g for 
Pb2+ and Zn2+; 0.16 g for Cu2+ and 0.12 g Cd2+). 
Table 4.16 The effect of the amount of the CPA dimer on the removal metal ion 
[Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+] from aqueous solution at 298 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Amount of  
CPA dimer (g) 
% Extraction 
Pb2+ Zn2+ Cu2+ Cd2+ Hg2+ 
0.02 16.3 ± 0.2  4.50 ± 0.07 4.73 ± 0.02 9.94 ± 0.04 16.7 ± 0.9 
0.04 16.40 ± 0.04 44.60 ± 0.05 27.94 ± 0.01 23.86 ± 0.04 23.8 ± 0.9 
0.06 51.62 ± 0.02 47.85 ± 0.04 40.07 ± 0.01 46.7 ± 0.2 55.4 ± 0.9 
0.08 55.90 ± 0.04 50.71 ± 0.02 44.34 ± 0.01 61.63 ± 0.02 63.8 ± 0.9 
0.10 57.40 ± 0.08 51.53 ± 0.02 46.42 ± 0.01 59.64 ± 0.01 71.1 ± 0.9 
0.12 67.21 ± 0.05 61.34 ± 0.04 55.70 ± 0.01 62.62 ± 0.04 69.2 ± 0.9 
0.14 70.55 ± 0.07 66.66 ± 0.02 58.43 ± 0.01 59.6 ± 0.2 68.8 ± 0.8 
0.16 70.54 ± 0.09 65.84 ± 0.05 59.00 ± 0.01 62.52 ± 0.01 70.1 ± 0.9 
0.18 70.21 ± 0.04 64.61 ± 0.03 58.43 ± 0.01 61.63 ± 0.01 68.1 ± 0.9 
0.20 70.50 ± 0.07 66.25 ± 0.04 57.27 ± 0.01 60.6± 0.3 68.4 ± 0.9 
* The determination of Hg2+ concentration in the solution before and after 
the experiment (filtrates) was performed by Hg(II)-ISE based on L2 ionophore 
(more details regarding it is mentioned in the next section). 
** Measurements were taken in triplicate to the take average value under the same 
experimental conditions.  
 
Conditions: 
 
 Volume of metal cation salt (as nitrate) solution: 10 cm3 except for Hg2+ solution, 
50 cm3.  
 Initial concentration of metal cation: 1×10-3 mol dm-3 except for Hg2+ (6.32×10-4 
mol dm-3). 
 pH= 5.6 (deionized water). 
 Contact time: 24 h. 
 Temperature: 298 K. 
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Fig. 4.35 A plot of % E of Hg2+ (as nitrate) extracted from water 
at 298 K by the dimer  against the mass of the CPA based dimer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.36 A plot of % E of Pb2+ (as nitrate) extracted from water  
at 298 K by the dimer  against the mass of the CPA based dimer.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.37 A plot of % E of Zn2+ (as nitrate) extracted from water 
at 298 K by the dimer  against the mass of the CPA based dimer. 
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Fig. 4.38A plot of % E of Cu2+ (as nitrate) extracted from water 
at 298 K by the dimer  against the mass of the CPA based dimer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.39 A plot of % E of Cd2+ (as nitrate) extracted from water  
at 298 K by the dimer  against the mass of the CPA based dimer   
 
4.5.2.2 Effect of solution pH on the removal of metal ion by the CPA dimer 
 
 Table 4.17 shows the data obtained in studies involving the effect of the solution 
pH on the removal of the metal ion from aqueous solutions by the CPA dimer.  The range of 
aqueous pH investigated was 2.0-11.0. The standard deviation was calculated from three data 
on the amount of metal ion salt taken up by the dimer which was obtained from measurements 
of the initial and equilibrium concentrations of the metal ion salt in the aqueous solution using 
the same extraction experiment. It can be seen from Figs 4.40-4.44 the wide range of pH values 
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investigated. The removal percentages increase with an increase in the 4.0-5.6 range for all 
metal cation salts. The maximum removal percentages of Hg2+, Zn2+ and Cd2+ ions were found 
at about the same pH value (5.6). For Pb2+, at pH 5.1 and for Cu2+ at pH 4.0. At a pH lower 
than 4.0, H+ ions may compete with metal ions on the extraction sites while at high pH values , 
metal (II) hydroxide species are formed [264].  
From the above mentioned results, it can therefore be concluded that the optimal pH 
for each individual metal ion salt was considered for the experimental work described below, 
 
Table 4.17 Effect of pH on the extraction of Hg2+, Pb2+, Zn2+,  
Cu2+ and Cd2+ from aqueous solution by CPA dimer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
pH of 
aqueous solution 
% Extraction 
Pb2+ Zn2+ Cu2+ Cd2+ Hg2+ 
2 38.9 ± 0.3  29.37 ± 0.03 5.4 ± 0.1 11.15 ± 0.02 67.26 ± 0.02 
3.1 56.8 ± 0.2 30.5 ± 0.2 19.03 ± 0.01 23.62 ± 0.02 73.11 ± 0.02 
4 69.48 ± 0.01 63.49 ± 0.01 56.27 ± 0.02 33.59 ± 0.01 76.75 ± 0.02 
5.1 69.5 ± 0.2 64.1 ± 0.2 54.73 ± 0.03 57.83 ± 0.01 70.26 ± 0.02 
5.6 67.3 ± 0.2 64.8 ± 0.2 55.67 ± 0.02 58.57 ± 0.00 71.06 ± 0.02 
6.5 62.1 ± 0.1 62.8 ± 0.1 47.68 ± 0.01 57.26 ± 0.00 68.7 ± 0.02 
7.1 62.1 ± 0.1 57.8 ± 0.1 50.26 ± 0.01 51.35 ± 0.01 69.95 ± 0.02 
8.1 55.8 ± 0.1 38.2 ± 0.1 47.67 ± 0.01 31.13 ± 0.02 65.02 ± 0.02 
9.4 48.4 ± 0.1 16.1 ± 0.1 9.99 ± 0.00 20.05 ± 0.02 31.67 ± 0.02 
10.1 44.4 ± 0.2 8.0 ± 0.2 11.84 ± 0.01 15.97 ± 0.00 20.61 ± 0.02 
11 35.8 ± 0.5 6.1 ± 0.5 5.95 ± 0.02 1.72 ± 0.02 9.06 ± 0.02 
Conditions:  
 Volume of metal cation salt (as nitrate) solution: 10 cm3 except for the Hg2+ salt 
solution, 50 cm3.  
 Initial concentration of metal cation: 1×10-3 mol dm-3 except for mercury cation salt 
(6.32×10-4 mol dm-3). 
 Optimal mass of CPA dimer (g): 0.10 for Hg2+; 0.14 for Pb2+ and  Zn2+; 0.16 and 
0.12 for Cu2+ and Cd2+ respectively. 
 Contact time: 24 h.  
 Temperature: 298 K. 
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Fig. 4.40 Effect of pH on the extraction percentage of Hg2+ by CPA dimer. 
 
 
 
 
 
 
 
 
 
Fig. 4.41 Effect of pH on the extraction percentage of Pb2+ by CPA dimer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.42 Effect of pH on the extraction percentage of Zn2+ by CPA dimer 
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Fig. 4.43 Effect of pH on the extraction percentage of Cu2+ by CPA dimer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.44 Effect of pH on the extraction percentage of Cd2+ by CPA dimer.  
 
4.5.2.3 The effect of contact time on the extraction of cation by CPA dimer 
 
The kinetics of the extraction process is an important parameter to consider if the use 
of this material is explored for commercial purposes. Table 4.18, lists the results obtained in 
the study of the percentage of extraction of metal cations (as nitrate salts) (Hg2+, Pb2+, Zn2+, 
Cu2+ and Cd2+) from aqueous solution under optimal experimental conditions versus time using 
the CPA dimer. These results are also graphically shown in Figs. 4.45-4.49. The maximum 
removing percentages of metal ion salts were reached in 60 min (Hg2+), 80 min (Pb2+, Zn2+, 
Cu2+) and 100 min (Cd2+). The high capacity was found to Hg2+ ion over other metal ions. This 
may be attributed to the fact that the capacity of the monomer component of the dimer was 
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higher for the latter cation given that two mercury ions were taken up per unit of the receptor 
while the complex composition was 1:1 ( ion:receptor) for other cations. 
As a result, the optimum time for the various metal cations salts to reach equilibrium 
are 60 min (Hg2+), 80 min (Pb2+, Zn2+, Cu2+) and 100 min (Cd2+) was selected for further studies 
to investigate the rest of parameters such as temperature. 
 
Table 4.18 Effect of contact time on the extraction of Hg2+, Pb2+, Zn2+,  
Cu2+ and Cd2+ from an aqueous solution by the CPA dimerr at 298 K        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Contact 
time (min) 
% Extraction 
Pb2+ Zn2+ Cu2+ Cd2+ Hg2+ 
5 14.8 ± 0.2 12.0 ± 0.6 11.63 ± 0.02 11.3 ± 0.1 18.9 ± 0.2 
20 43.0 ± 0.9 33.5 ± 0.5 31.77 ± 0.04 41.1 ± 0.1 48.4 ± 0.2 
40 63.7 ± 0.5 55.6 ± 0.3 53.64 ± 0.01 57.0 ± 0.1 65.8 ± 0.2 
60 66.1 ± 0.9 56.5 ± 0.5 54.95 ± 0.01 57.5 ± 0.1 72.2 ± 0.2 
80 67.1 ± 0.4 57.2 ± 0.4 55.30 ± 0.01 57.6 ± 0.1 72.3 ± 0.2 
100 67.3 ± 0.3 58.6 ± 0.3 55.47 ± 0.02 58.0 ± 0.1 72.5 ± 0.2 
120 67.3 ± 0.2 59.1 ± 0.4 55.48 ± 0.01 58.5± 0.1 72.6 ± 0.2 
Conditions:  
 Volume of metal cation salt (as nitrate) solution: 10 cm3 except for the Hg2+ ion 
solution, 50 cm3.  
 Initial concentration of metal cation: 1×10-3 mol dm-3 except for mercury cation 
salt (6.32×10-4 mol dm-3). 
 Optimal mass of CPA dimer (g): 0.1 for Hg2+; 0.14 for Pb2+ and  Zn2+; 0.16 and 
0.12 Cu2+ and Cd2+ respectively. 
 Optimal solution pH: 5.1 for Pb2+; 4.0 for Cu2+; 5.6 (deionized water) for Hg2+, 
Zn2+, and Cd2+. 
 Temperature: 298 K. 
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Fig. 4.45 Effect of time on Hg2+ extraction from 
    aqueous solution by CPA dimer at 298 K.  
 
  
 
 
 
 
 
 
Fig. 4.46 Effect of time on Pb2+ extraction from 
    aqueous solution by CPA dimer at 298 K.  
 
 
 
 
 
 
 
Fig. 4.47 Effect of time on Zn2+ extraction from 
    aqueous solution by CPA dimer at 298 K.  
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Fig. 4.48 Effect of time on Cu2+ extraction from 
    aqueous solution by CPA dimer at 298 K.  
 
 
 
 
 
 
 
 
Fig. 4.49 Effect of time on Hg2+ extraction from 
    aqueous solution by CPA dimer at 298 K.  
 
4.5.2.4 Effect of aqueous metal ion concentration on the extraction process 
 
The aim of this experiment was to determine the full capacity of the dimer to extract 
metal cation salts. Therefore the dimer was equilibrated with aqueous solutions containing 
different concentrations of metal ion salts. Table 4.19 shows the uptake of the CPA dimer (see 
eqn. 3.33 in the experimental part) for metal ions [Pb2+, Zn2+, Cu2+ and Cd2+] from aqueous 
solution using metal ion salts with concentration ranging from 2×10-4 to 1×10-2 mol dm-3. In 
the case of Hg2+, the concentration range used was from 8.82×10-7 to 2.53×10-2 mol dm-3. The 
data are also shown in Figs 4.50-4.54. The results show that the maximum capacity of the dimer 
to remove Hg2+ (as nitrate) from water is 1.09 ± 0.09  mmol/g of material while there is a 
substantial decrease for Zn2+ (0.47  ± 0.05 mmol/g), Cu2+ (0.27 ± 0.05  mmol/g ) , Cd2+  (0.25 
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± 0.05  mmol/g) and Pb2+ (0.17 ± 0.04 mmol/g). The results show that the higher hosting ability 
shown by the receptor for the Hg (II) cation relative to other metal cations as demonstrated in 
the fundamental studies is also reflected in the extraction capacity of the dimer for this cation 
relative to others. In fact the removal capacity of the dimer for Hg (II) is higher by factors of 
2.3, 4.0, 4.3 and 6.4 relative to Zn2+, Cu2+, Cd2+ and Pb2+ respectively. 
 
Table 4.19 Determination of the removal capacity of the  
CPA dimer (mmol/g) for metal cations at 298 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The initial 
concentration 
of metal ion 
(mol dm-3) 
Uptake, Qe (mmol/g) Hg2+ 
Pb2+ Zn2+ Cu2+ Cd2+ mol dm-3 Qe (mmol/g) 
0 0 0 0 0 0 0 
2×10-4 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 8.82×10-7 7.7×10-4  
4×10-4 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 3.70×10-5 2.7×10-3  
6×10-4 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 2.49×10-4 0.02 ± 0.01 
8×10-4 0.04 ± 0.01 0.05 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 6.02×10-4 0.06 ± 0.01 
1×10-3 0.05 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 1.31×10-4 0.13 ± 0.01 
2×10-3 0.07 ± 0. 01 0.12 ± 0.05 0.08 ± 0.01 0.11 ± 0.03 2.72×10-4 0.28 ± 0.01 
4×10-3 0.10 ± 0.01 0.26 ± 0.05 0.18 ± 0.05 0.20 ± 0.05 5.54×10-4 0.57 ± 0.02 
6×10-3 0.12 ± 0.02 0.32 ± 0.05 0.27 ± 0.05 0.25 ± 0.05 6.32×10-4 0.65 ± 0.05 
8×10-3 0.17 ± 0.04 0.41 ± 0.05 0.26 ± 0.05 0.24 ± 0.05 1.05×10-3 1.09 ± 0.09 
1×10-2 0.16 ± 0.05 0.47 ± 0.05 0.26 ± 0.05 0.23 ± 0.05 1.33×10-2 1.07 ± 0.09 
2×10-2 0.16 ± 0.05 0.46 ± 0.05 0.25 ± 0.05 0.24 ± 0.05 2.53×10-2 1.05 ± 0.09 
Conditions:  
 Volume of metal cation salt (as nitrate) solution: 10 cm3 except for Hg2+ ion 
solution, 50 cm3.  
 Optimal mass of CPA dimer (g): 0.1 for Hg2+; 0.14 for Pb2+ and  Zn2+; 0.16 and 0.12 
Cu(II) and Cd(II) respectively. 
 Optimal solution pH: 5.1 for Pb2+; 4.0 for Cu2+; 5.6 (deionized water) for Hg2+, 
Zn2+, and Cd2+. 
 Contact time: 60 min (Hg2+), 80 min (Pb2+, Zn2+, Cu2+) and 100 min (Cd2+).  
Temperature: 298 K. 
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Fig. 4.50 Effect of the initial concentration on Hg2+ 
          removal efficiency by the  CPA dimer 
 
 
 
 
 
 
 
 
 
 
Fig. 4.51 Effect of the initial concentration on Pb2+ 
          removal efficiency by the  CPA dimer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.52 Effect of the initial concentration on Zn2+ 
          removal efficiency by the  CPA dimer 
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Fig. 4.53 Effect of the initial concentration on Cu2+ 
         removal efficiency by the  CPA dimer 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.54 Effect of the initial concentration on Cd2+ 
          removal efficiency by the  CPA dimer 
 
4.5.2.5 The effect of temperature on the removal of metal ions of solution by CPA dimer 
The results presented in Table 4.20 shows the effect of temperature (K) in the range 
298 to 343 K on the percentage of removal of metal ion salts (as nitrate) [Hg2+, Pb2+, Zn2+, Cu2+ 
and Cd2+] from an aqueous solution by CPA under optimium conditions. As can be seen in 
Figs. 4.55-4.59, the increasing of temperature (the lines in these Figs.) do not show statistically 
significant changes on the percentage of removal of all tested metal ion salts (nitrate as counter-
ion).  
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Table 4.20 Effect of temperature on the extraction of Hg2+, Pb2+, Zn2+, 
                      Cu2+ and Cd2+ salts from aqueous solution by the CPA dimer. 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.55 Effect of temperature on the extraction of  
                 the Hg2+ salt  from water by the CPA dimer 
Temperature 
(K) 
% Extraction 
Pb2+ Zn2+ Cu2+ Cd2+ Hg2+ 
298 69.7 ± 0.6 65.9 ± 0.7 57.5 ± 0.3 62.0 ± 0.1 73.0 ± 0.2 
303 70.4 ± 0.5 66.5 ± 0.3 57.8 ± 0.3 62.9 ± 0.2 73.6 ± 0.2 
313 70.9 ± 0.7 67.0 ± 0.4 58.5 ± 0.3 63.4 ± 0.1 74.5 ± 0.2 
323 71.6 ± 0.5 67.4 ± 0.2 59.6 ± 0.5 64.8 ± 0.3 75.0 ± 0.2 
333 72.2 ± 0.3 67.8 ± 0.3 61.2 ± 0.1 65.5 ± 0.2 75.5 ± 0.2 
343 73.5 ± 0.3 68.5 ± 0.4 62.4 ± 0.2 67.6 ± 0.4 75.8 ± 0.2 
Conditions:  
 Volume of metal cation salt (as nitrate) solution: 10 cm3 except for Hg2+ ion 
solution, 50 cm3.  
 Optimal mass of CPA dimer (g): 0.1 for Hg2+; 0.14 for Pb2+ and  Zn2+; 0.16 and 
0.12 Cu2+ and Cd2+ respectively. 
 Optimal solution pH: 5.1 for Pb2+; 4.0 for Cu2+; 5.6 for Hg2+, Zn2+, and Cd2+. 
 Optimal initial concentration of metal cation: 1.05×10-3, 8×10-3, 1×10-2, 6×10-3 
and 6×10-3 mol dm-3 for Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+ respectively. 
 Contact time: 60 min (Hg2+), 80 min (Pb2+, Zn2+, Cu2+) and 100 min (Cd2+).   
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            Fig. 4.56 Effect of temperature on the extraction of  
                the Pb2+ salt  from water by the CPA dimer 
 
 
 
 
 
 
 
 
 
            Fig. 4.57 Effect of temperature on the extraction of  
                the Zn2+ salt  from water by the CPA dimer 
 
 
 
 
 
 
 
 
            Fig. 4.58 Effect of temperature on the extraction of  
                the Cu2+ salt  from water by the CPA dimer 
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Fig. 4.59 Effect of temperature on the extraction of  
                the Cd2+ salt  from water by the CPA dimer 
 
In an attempt to calculate the enthalpy, ∆H associated with this process the van’t Hoff 
equation (eqn. 45) was used: 
 
        lnKc =
∆S
R
−
∆H
RT
           [45] 
 
In doing so, the slope of a plot of logarithm of the capacity, log Qeq against the 
reciprocal of the temperature, 1/T as shown in Figs. 4.60 to 4.64) was calculated.. However, 
the values of ΔH obtained for extraction processes have positive values which are 1.20, 1.38, 
0.89, 1.54 and 1.88 kJ mol-1 for Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+ ions respectively. 
From these values of enthalpies, it can be concluded that the extraction processes of all 
tested metal ion salts by the CPA dimer are slightly endothermic [265]. 
 
 
 
 
 
 
 
 
Fig. 4.60 Plot of log Qeq versus 1/T for the removal of  
Hg2+ ion salt from aqueous media using the CPA dimer 
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Fig. 4.61 Plot of log Qeq versus 1/T for the removal of  
Pb2+ ion salt from aqueous media using the CPA dimer 
 
 
 
 
 
 
 
 
Fig. 4.62 Plot of log Qeq versus 1/T for the removal of  
Zn2+ ion salt from aqueous media using the CPA dimer 
 
 
 
 
 
 
 
Fig. 4.63 Plot of log Qeq versus 1/T for the removal of 
Cu2+ ion salt from aqueous media using the CPA dimer 
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Fig. 4.64 Plot of log Qeq versus 1/T for the removal of  
Cd2+ ion salt from aqueous media using the CPA dimer 
 
 
4.5.3 Analysis of the CPA dimer (unloaded) and loaded with metal cation salts 
 
 
Fourier transform infrared (FTIR) spectroscopy was the analytical tool used to identify 
the characteristic functional groups of the CPA dimer that could be responsible for the 
extraction of heavy metal ions [Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+] from aqueous solution. All 
FT-IR spectra (Figs. 4.65-4.69) either for unloaded CPA dimer or the metal ion-loaded CPA 
dimer samples were measured within the range of 600 to 4000 cm-1.  
The FT-IR spectrum of the native CPA dimer (unloaded sample) showed the presence 
of different functional groups. The adsorption peak at 3394 cm-1 indicates the presence of water 
in its structure. The peak observed at 3312 cm-1 can be assigned to NH groups of the pyrrole 
ring. The band located at 2990 cm-1 is due to the presence of the aromatic C-H while the peak 
observed at 2935 cm-1 represents the aliphatic C-H (CH3 group). The CH2 bond was observed 
at 2950 cm-1. Therefore, the signal peaks located at 2340 and 2360 cm-1 are due to the existence 
of stretching modes associated with the presence of occluded CO2 in the material pores caused 
by the thermal treatment of the sample during the dryness process. The peak at 1639 cm-1 
represents the C=O stretch group (amide bond). Prominent peaks were at 1615, 1581, 1462 and 
1435 cm-1 arising from the presence of C=C aromatic (pyrrole and benzene). The bonds 
observed in the range 1219-1182 cm-1 represent the ether C-O-C bond.  
             On the other hand, FT-IR spectra of the metal cation-loaded CPA dimer showed small 
shifts in the absorbance of some peaks attributed to the (-NH) functionality as compared with 
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the spectrum of the unloaded CPA. The band at 3312 cm-1 (-NH) was shifted to 3287 when the 
CPA dimer was loaded with Hg2+ and Pb2+ ions. This band (-NH) located at 3312 cm-1 was 
also shifted to 3284, 3285 and 3294 cm-1 caused by loading the CPA dimer with Zn2+, Cu2+, 
and Cd2+ cations respectively.  
            It can therefore be concluded from the FT-IR spectral results for the unloaded CPA 
dimer and metal cation-loaded CPA dimer that bands assigned to C-H aliphatic, C=C aromatic, 
CH2, ether C-O-C groups did change but not significantly. This reveals that these functional 
groups are not responsible for binding CPA dimer with metal cations of interest.  It is also 
concluded that the lone pair of N in pyrrole did not involve in the reaction with these metal 
cations. This may be attributed to that it is tied up in the 𝜋  system and much less available to 
act as a base. Thus, the interaction of CPA dimer with metal cations is likely to occur through 
the carbonyl oxygen of the acetamide group.  
 
 
 
 
 
 
 
 
 
Fig. 4.65 FTIR spectra of the unloaded and the Zn2+ loaded CPA dimer. 
 
 
 
 
 
 
 
 
 
Fig. 4.66 FTIR spectra of the unloaded and the Cu2+ loaded CPA dimer 
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Fig. 4.67 FTIR spectra of the unloaded and the Cd2+ loaded CPA dimer. 
 
 
 
 
 
 
 
 
 
Fig. 4.68 FTIR spectra of the unloaded and the Hg2+ loaded CPA dimer. 
 
 
 
 
 
 
 
 
 
Fig. 4.69 FTIR spectra of the unloaded and the Pb2+ loaded CPA dimer. 
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4.5.4 Comparison with other extractant materials 
 
It is well known that the capacity of any material for ion extraction from aqueous 
solution is significantly affected by the nature of the extracting agent used and the experimental 
conditions applied. Due to the lack of previous data, a comparison of the extraction properties 
of the CPA dimer relative to other reported materials is limited.  
However, the removal capacity values of the CPA dimer for Hg2+, Pb2+, Zn2+, Cu2+ and 
Cd2+ were found experimentally to be 1.09, 0.17, 0.47, 0.27 and 0.25 mmole g-1 respectively. 
Comparison of these capacity values with those reported in the literature (Table 4.21) 
shows that the CPA dimer has a greater capacity to remove Hg2+ and Zn2+ than others listed in 
this Table. However the capacity of the CPA dimer for Pb2+ is lower than that for other 
materials. In fact the high capacity of the CPA dimer for Hg2+ relative to other cations provides 
an indication that in an aqueous solution containing a mixture of these cation salts, Hg2+ ion 
may be removed without a high degree of interference from other cation salts. This statement 
needs to be experimentally corroborated. 
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Table 4.21 Comparison of the CPA dimer with some other materials reported 
 
   for the extraction of Hg2+ , Pb2+, Zn2+, Cu2+ and Cd2+ions from water. 
 
Materials 
 
 
Capacity (mmole g-1) 
Ref. 
Hg2+ Pb2+ Zn2+ Cu2+ Cd2+ 
CPA dimer 1.09 0.17 0.47 0.27 0.25 This work 
Ether calix[4]pyrrole 
polymer 
N.D 
0.39 
N.D N.D N.D 
[95] 
Kaolinite 0.05 [266] 
Zeolite (clinoptilolite) 0.52 
[267] 
Local clay (bentonite) 0.43 
P. granatumleaves 0.09 
[268] 
Algae 0.94 
Fucusspiralis 0.99 [269] 
Spirogyra insignis 0.25 [270] 
Activated carbon 0.27 [271] 
Azocalix[4]pyrroleAmberl
ite XAD-2 polymeric 
chelating resin (A) 
N.D 
0.17 0.31 0.17 
[93] 
Azocalix[4]pyrroleAmberl
ite XAD-2 polymeric 
chelating resin (B) 
0.22 0.43 0.17 
Dithiocarbamate grafted 
on silica gel 
0.30 
N.D N.D N.D 
[272] 1,5 Diphenyl-carbazide 
functional-ized sol-gel 
material 
 
0.03 
Dithiocarbamate 
incorporated monosize 
polystyrene microspheres 
 
0.16 [273] 
Dithioacetal graft 
immobilized on silica-gel 
0.70 [274] 
calix[4]pyrrole[2]thio-
phene 6 immobilized on 
copolymer 
 
a cross-linked vinylbenzyl 
chloride/divinylbenzene 
0.07 [275] 
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Continued Table 4.21 
 
Materials 
 
 
Capacity (mmole g-1) 
Ref. 
Hg2+ Pb2+ Zn2+ Cu2+ Cd2+ 
1,6-bis(2-carboxy alde-
hydephenoxy) butane-
XAD-16 
N.D 
N.D 
N.D 
0.09 
N.D 
[276] 
Polyethyleneiminemethy- 
lenephosphonic acid 
1.35 [277] 
Alumina-(N -{4-[4-{1-[4-
(di-methylamino)phenyl]-
methylidene}-5-(4-H) 
oxazolone]-phenyle}-
acetamide 
0.13 0.12 [278] 
MWCNTs -(D2EHPA-
TOPO) 
0.07 0.08 N.D [279] 
Gallic acid-modified  
silica gel 
N.D 0.24 0.05 [280] 
Bis(2-hydroxy 
ethylendiimine-activated 
carbon 
 
0.03 0.03 
N.D 
[281] 
DowexOptipore SD-2 
N.D 
0.19 [282] 
Meso-tetramethyl-tetrakis-
(thiophene) calix[4]pyrrole 
dimer 
 
0.29 
N.D [90] 
Modified 3 amino-propyl-
trimethoxy-silylated silica 
0.45 
p-tert-butylcalix[4]arene-
1, 2-crown-4, chloro-
methylated resin 
N.D 
0.15 0.21 0.20 [283] 
Nitrosonapthol, XAD-2 
N.D 
9.53  [284] 
Chromotropicacid, 
nanometersized alumina 
0.23 0.09 [285] 
Morpholinedithio-
carbamate, XAD-7 
0.16 0.08 [286] 
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4.6 Hg(II)-ISEs based on the ionophores CPA and L2  
 
The Hg(II) ion was selected among all those metal cations of interest in the construction 
of electrodes based on CPA and L2 as ionophores which are able to detect Hg(II) ion in aqueous 
solution. The reason for this selection is that Hg(II) ion showed strong interaction with these 
two ligands as compared with other cations using different techniques as mentioned in above 
sections (1H NMR, conductance and thermodynamic studies for CPA and L2 ligands with metal 
cations). 
The results obtained of using CPA and L2 as ionophores in the construction of selective 
electrodes for the Hg(II) ion under different experimental conditions will be discussed in this 
section.  
Continued Table 4.21 
 
Materials 
 
 
Capacity (mmole g-1) 
Ref. 
Hg2+ Pb2+ Zn2+ Cu2+ Cd2+ 
2,6-Dihydroxyphenyl di-
azoaminoazobenzene, 
XAD-4 
N.D N.D 
N.D 0.20 0.18 [287] 
Ammonium pyrrolidine-
dithiocarbamate, XAD-4 
0.16 0.17 0.08 [288] 
Piperidinedithio-
carbamate, XAD-4 
0.16 0.17 0.08 
[289] 
Nitroso-R salt, XAD-2 
N.D 
0.02 N.D 
2-Aminothiophenol, 
XAD-2 
3.60 3.34 [290] 
Pyrocatechol, XAD-2 0.03 0.04 [291] 
2-Acetylmercaptophenyl 
diazoaminoazobenzene, 
XAD-4 
0.06 0.09 0.18 [292] 
 
* N.D; Not Determined. 
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4.6.1 Hg(II)-ISE based on the ionophore CPA  
4.6.1.1 Effect of membrane composition on the potentiometric response characteristics of 
Hg(II)-ISE based on CPA.  
The potentiometric response characteristics of polymeric selective membrane electrodes 
mainly depend on many parameters such as the nature and the amount of ionophore, the 
plasticiser/PVC ratio as well as the properties of the plasticisers and the lipophlic additives 
used [293, 294]. Therefore, the response characteristics such as slope, liner range, detection 
limit and response time were investigated for six electrodes having various ratios of different 
components. The results of the response characteristics for these Hg(II)-ISEs based on the 
ionophore CPA are summarised in Table 4.22 and the calibration curves are plotted in Figs. 
4.70 (a-f). The results of the response characteristics of the membrane electrodes (E1) and (E2) 
in the absence of the ionophore (blank membrane electrodes) showed that the (E1) displayed 
no response towards the Hg(II) ion. However, the (E2) showed a linear response within a wide 
range of Hg(II) concentration from 3.25×10-5 to 2.50×10-3 mol dm-3 with a detection limit of 
2.51×10-5 mol dm-3 and response time of 9 ± 1 sec. In addition, the slope value was found to 
be 29.1 ± 0.6 mV/decade, indicating that this electrode showed a near-Nerntian response (29.50 
mV decade-1). In spite of the good performance of E2, sodium tetraphenylborate (NaTPB) as a 
lipophilic additive was not used for further studies. The reason for this is that the potential 
response of the E2 is fully dependent on the activity of sodium tetraphenylborate (NaTPB) as 
proved by control experiments conducted in the absence and presence of NaTPB in the 
membrane [295]. This salt also interacts with Hg(II) in solution as shown from the chemical 
shift changes (Table 4.23). As a consequence, the potential response of the Hg(II)-ISE based 
on the ionophore CPA in the presence of this lipophilic additive was not further investigated. 
Therefore, a different lipophilic additive such oleic acid (OA) was attempted for further study. 
The influence of plasticisers, namely, o-NPOE and DOS on the Hg(II)-ISEs was 
investigated. For this purpose, the results obtained with Hg(II)-ISE based on the ionophore 
CPA (E3) were compared to those for Hg(II)-ISE (E4). The results showed that the membrane 
electrode (E4) had the best response characteristics when compared with E3. The linear 
working response was within a wide range of Hg(II) concentration (1.81×10-7 to 1.78×10-3 mol 
dm-3) with detection limit of 1.75×10-7 mol dm-3 and a response time in about 10 ± 1.0 s. In 
addition, the slope obtained for this electrode (E4) was found to be 30.0 ± 0.1 mV/decade which 
is close to the Nerntian response (29.5 mV/decade). The difference in the response 
characteristics between E3 and E4 may be attributed to the dielectric constants of the 
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plasticisers used (o-NPOE) which have considerably effect on membrane permittivity and the 
mobility of the ionophore molecules [296]. Accordinglly, o-NPOE was chosen to be the 
optimum plasticiser for further studies with Hg(II)-ISEs based on the ionophore CPA (E4). It 
is also known that the presence of lipophilic additive strongly influences the response of an 
ISE. Therefore, this factor was investigated by avoiding the use of a lipophilic additive (E5) in 
the preparation of the membrane. The results showed that E5 gave very week response 
characteristics as compared E4. Therefore, it appears that the addition of the proposed 
lipophilic additive (OA) to the composition of the membrane leads to a reduction in the 
resistance of the membrane, improving the response behaviour and the selectivity of the 
electrode for Hg(II). A comparison of the potentiometric response of E6 with respect to E4 
revealed that the best performance was observed for E4. This indicates that further addition of 
the CPA ionophore led to a decrease in the electrode response (E6). This may be attributed to 
the non-uniformity or a saturation of the membrane with the CPA ionophore [297]. From the 
above discussion, the composition of E4 was selected for further investigation under different 
experimental conditions. 
  
Table 4.22 Composition of membranes and response  
      characteristics of the ISEs based on the CPA ionophore for Hg(II).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Slope 
(mV/pHg) 
aLR 
mol dm-3 
bDL  
mol dm-3 
cRT 
(sec) 
E1 No ionophore, 68% o-NPOE, 30% PVC, 1% OA 
0.6 ± 0.4 -- -- -- 
E2 No ionophore, 68% o-NPOE, 30% PVC, 1% NaTPB 
29.1 ± 0.6 3.25×10-5-2.50×10-3 2.51×10-5 9 ± 1 
E3 1% CPA, 68% DOS, 30% PVC, 1% OA 
25.0 ± 0.1 9.12×0-7-1.78×0-3 4.46×10-7 14 ± 3 
E4 1% CPA, 68% o-NPOE, 30% PVC, 1% OA 
30.0 ± 0.1 1.81×10-7-1.78×10-3 1.75×10-7 10 ± 1 
E5 1% CPA, 68% o-NPOE, 30% PVC, no additive 
6.0 ± 0.1 2.51×0-5-1.58×03 1.78×10-5 19 ± 3 
E6 2% CPA, 68% o-NPOE, 30% PVC, 1% OA 
25.3 ± 0.4 3.98×0-7-9.46×0-4 5.62×10-7 8 ±1 
aLR, bDL and cRT denote the linear working range, detection limit and response time 
respectively. 
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Table 4.23 1H NMR data for free oliec acid and oliec acid with Hg2+ as  
nitrate salt and sodium tetraphenyl borate in deuterium oxide, D2O at 298 K. 
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Free NaB(C₆H₅)4 6.99 7.26 6.85 
Hg2+ 
with NaB(C₆H₅)4 
7.37 7.60 7.14 
∆δ 0.38 0.34 0.29 
 
 
 
(B) Oliec acid 
 H1 
From H2 to H7, 
and   
from H12 to H15 
H8,  
and 
H11 
H9,  
And 
H10 
H16 H17 
Free oliec acid 0.90 1.32 2.04 5.33 1.78 2.24 
Hg2+ 
with oliec acid 
0.88 1.31 2.06 5.31 1.86 2.22 
∆δ 0.02 -0.01 0.02 -0.02 0.08 -0.02 
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Fig. 4.70 Potential responses of ISEs with different compositions  
based on the ionophore CPA for the Hg(II) cation at 298 K.  
 
4.6.1.2 Effect of the solution pH on the response of the Hg(II)-ISE based on CPA  
 
As can be seen from Fig 4.71, the effect of pH on the response of Hg(II)-ISE based on 
CPA as an ionosphere was investigated under the same conditions over a pH range of 1.5-12.0 
using 1.01×0-3 and 1.01×0-2 mol dm-3 concentration of  Hg(II) solutions (as nitrate salt). The 
results show that the potential of Hg(II)-ISE was found to remain constant in the range of pH 
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4.3-8.5 using 1.01×0-3 mol dm-3 Hg(II) solution. This indicates that this electrode is not pH 
sensitive in this range. At pH lower than 4.30, the potential of the electrode increased due to 
an increase in the acid nature of Hg(II) solution or to interference by hydrogen ions. This in 
turn leads to decrease the ability of the CPA ionophore to complex with the Hg(II) ions. At pH 
higher than 8.5, the potential values were found to decrease sharply due to the formation of 
Hg(OH)2 [218]. In the case of using 1.01×0
-2 mol dm-3 Hg(II) solution, similar profiles were 
observed. 
From the above comments it follows that this electrode can be used for the quantitative 
determination of Hg(II) in aqueous solutions in the specific pH range from 4.3 to 8.5. 
Therefore, a solution pH = 5.6 was used for further studies.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.71 Effect of the pH on the response of the Hg(II)-ISE based on CPA at  
a 1.0× 10-3 (A) and 1.0×10-2 mol dm-3 (B) of Hg(NO3)2 solution. 
 
4.6.1.3 Effect of the internal solution concentration of ISE on the response of Hg(II)-ISE 
based on CPA 
 
Figs. 4.72 shows the effect of different concentrations of the internal reference solution 
on the response characteristics of the (Hg(II)-ISE, E4) based on the ionophore CPA. The 
response slope value obtained using 1×10-3 mol dm-3 Hg(NO3)2 as an internal solution was 
found to be 5.3 ± 0.7 mV/decade-1. On the other hand, the response slope value obtained using 
different concentration of the internal solution (1×10-2 mol dm-3 Hg(NO3)2) was found to be 
30.1 ± 0.2 mV/decade-1 which is close to the theoretical Nernstian slope. Therefore, a 
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concentration of 1×10-2 mol dm-3 Hg(NO3)2 aqueous solution for the internal solution was 
found to be a suitable for further studies. This might be due to the low activity of Hg(NO3)2 
solution at this concentration which is not able to enhance the potential of the electrode 
membrane surface, which in turn, significantly affects the performance of the Hg(II)-ISE based 
on CPA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.72 Effect of the internal solution concentration on the  
response of the Hg(II)-ISEs based on the ionophore CPA.  
 
4.6.1.4 Effect of the soaking time on the performance of the Hg(II)-ISE based on CPA  
Fig. 4.73 shows the effect of soaking time for different periods of time on the 
performance characteristics of the proposed (Hg(II)-ISE, E4) based on the ionophore CPA. The 
slope values obtained by plotting E(mV) as a function of log 𝑎Hg2+ for the proposed electrode 
were also shown in Fig. 4.74. The results revealed that the response characteristics of this 
electrode were considerably affected by increasing the soaking time up to 24 h.  Also, the 
effects of soaking time on the slope characteristics of Hg(II)-ISE based on the ionophore CPA 
were studied. The slope value (30.0 ± 0.1 mV/decade) obtained using 24 h of soaking time was 
closer to the theoretical Nernstian slope (29.5 mV/decade).  This indicates that a soaking time 
of 24 h is suitable for Hg(II)-ISE based on the ionophore CPA. After a longer period of soaking, 
the proposed E5 did not show further improvement in its response. Therefore, it can be seen 
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that the conditioning for the proposed Hg(II)-ISE, E4 is a necessary step to increase the number 
of activated sites of ionophore used, which in turn, led to generate the stable potential response 
of the electrode. Consequently, it is recommended that the electrode should be stored in 
Hg(NO3)2 solution (1.0×10
-2 mol dm-3) when is not in use.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.73 Calibration plots for Hg(II)-ISEs based on the ionophore CPA after 6 h, 
12 h, 24 h, 30 h, 36 h and 48 h of soaking the ISE in a 0.01 mol dm-3 Hg(NO3)2 solution.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.74 The effect of soaking time on the slope 
 characteristics of the Hg(II)-ISE based on CPA.  
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4.6.1.5 Response time and reversibility of the Hg(II)-ISE based on CPA 
Fig. 4.75 shows response time curves obtained for the proposed Hg(II)-ISE based on 
the ionophores CPA (E4). The response time for this electrode was carried out with Hg(NO3)2 
solutions by changing from lower to higher concentrations within the range of 1×10-7 to 1×10-
2 mol dm-3. The results showed that the response time of Hg(II)-ISE based on the ionophore 
CPA (E4) was 10 ± 1 sec. This may be attributed to the fast kinetics through a chemical 
equilibrium reaction for Hg(II) ions with the ionophore at the test solution membrane interface. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.75 Dynamic response of the CPA based Hg(II)-ISE for step changes  
                in concentration of Hg(II) at 298 K; A) 1.06×10-7, B) 1.06×10-6, 
                C) 1.06×10-5, D) 1.0×10-4, E) 1.0×10-3, and F) 1.0×10-2 mol dm-3. 
 
However, the reversibility of the based CPA Hg(II)-ISE (E4) was examined by 
alternatively dipping the electrode in two different concentrations of Hg(NO3)2 aqueous 
solutions (1×10−4 and 1×10−3 mol dm-3). The results are shown in Fig. 4.76. It can be observed 
that E4 exhibited satisfactory reversibility although the time required for attaining a stable 
potential or equilibrium state by increasing the concentration was longer (13 ± 2 sec) than that 
obtained by decreasing the concentration (8 ± 1 sec).  
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Fig. 4.76 Reversibility of the Hg(II)-ISE based on CPA 
at 298 K; A) 1.0×10-4, and B) 1.0×10-3 mol dm-3. 
4.6.1.6 Lifetime of the Hg(II)-ISE based on the ionophores CPA  
 
The lifetime or the potential stability of the proposed Hg(II)-ISE based on the ionophore 
CPA (E4) was monitored with time as shown in Figs. 4.77-4.78. The electrode exhibited a good 
stability in the response slope for about 68 days. During this period, other response 
characteristics did not undergo significant changes. The mean drift in the slope observed over 
this period was found to be less than 0.02 ± 0.01 mV per day. After this period, a significant 
decrease in the response slope was registered with time with an increase in the detection limit 
(from 8.0×10-10 mol dm-3 to 1.0×10-8 mol dm-3). Therefore, it can be concluded that the 
proposed Hg(II)-ISE based on the ionophore CPA was invalided for measurements taken after 
68 days. This may be attributed to the leaching of Hg(II) ions from the membrane phase. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.77 Lifetime of the Hg(II)-ISE (E4) based on the ionophore CPA  
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Fig. 4.78 Calibration plots for a Hg(II)-ISEs based  
on the ionophore CPA after a perioed of time  
 
 
 
4.6.1.7 The selectivity of Hg(II)-ISE based on CPA  
 
The potentiometric selectivity coefficients (𝑘
𝐻𝑔2+,𝑀𝑛+
𝑝𝑜𝑡
) of the Hg(II)-ISE based on CPA 
were determined for a variety of metal ions such as Na+, K+, Ag+, Mg2+, Ca2+, Ba2+, Sr2+, Mn2+, 
Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, Fe3+, and Al3+ (as nitrate salts) using two  methods: the 
separate solution method (SSM) and the matched potential method (MPM). Selectivity 
coefficient values obtained under specific experimental conditions are given in Table 4.24 
[298]. 
It can be seen of log 𝑘
𝐻𝑔2+,𝑀𝑛+
𝑝𝑜𝑡
 values by both methods that the CPA based Hg(II) 
selective electrode as an ionophore showed that this electrode was highly selective towards 
Hg2+ over all interfering ions. Also log 𝑘
𝐻𝑔2+,𝑀𝑛+
𝑝𝑜𝑡
 values for most ions examined except for the 
Ag+ were in the order of (-1.38) or smaller which seem to indicate negligible interference in 
the performance of the electrode. However, the  log 𝑘
𝐻𝑔2+, 𝐴𝑔+
𝑝𝑜𝑡
values for Ag+ using both 
methods were (-0.46, SSM) and (-0.99, MPM) showing a weak interference [299]. This 
interference may be attributed to that Ag+ has comparable size and characteristics to those of 
Hg2+ ion [300]. 
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Furthermore, it can be observed that the log 𝑘
𝐻𝑔2+,𝑀𝑛+
𝑝𝑜𝑡  values obtained by the SSM 
follow a different trend relative to that obtained by the MPM. The trend observed in 
log 𝑘
𝐻𝑔2+,𝑀𝑛+
𝑝𝑜𝑡
 values using the former method follows to somehow the sequence Mn2+< Co2+< 
Zn2+< Ca2+< Rb+< Sn2+< Ba2+< Cu2+< Sr2+< Al3+< Pb2+< Fe3+< Cd2+< Mg2+< K+< Na+< Ni2+< 
Li+< Ag+, while the trend observed using the latter method follows the sequence Mn2+< Co2+< 
Zn2+< Ca2+< Rb+< Ba2+< Cu2+< Al3+ = Sr2+< Sn2+< Pb2+< Fe3+< Cd2+< Mg2+< K+< Na+< Ni2+< 
Li+< Ag+. From these two sequences, it can be seen that the log 𝑘
𝐻𝑔2+,𝑀𝑛+
𝑝𝑜𝑡
 values obtained both 
metods have the same sequences for all ions tested except for Sn2+ ion. This slight difference 
may be due to many factors such as the the concentration of the solution used to the 
determination of  log 𝑘
𝐻𝑔2+,𝑀𝑛+
𝑝𝑜𝑡
 value using two methods, Nickolsky-Eisenman equation 
independence as well as a non-Nernstain behavior of interfering ion and the complexation 
process which may take place in the solution. [168, 301].  
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Table 4.24 Selectivity coefficient valuesa of Hg(II)-ISE using the ionophore CPA  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interferent 
(Mn+) 
SSMb MPMc 
𝒌
𝑯𝒈𝟐+, 𝑴𝒏+
𝒑𝒐𝒕
 𝐥𝐨𝐠 𝒌
𝑯𝒈𝟐+, 𝑴𝒏+
𝒑𝒐𝒕  𝒌
𝑯𝒈𝟐+, 𝑴𝒏+
𝒑𝒐𝒕
 𝐥𝐨𝐠 𝒌
𝑯𝒈𝟐+, 𝑴𝒏+
𝒑𝒐𝒕
 
Al3+ 9.24×10-4 -3.03 1.23×10-3 -2.91 
Fe3+ 3.80×10-3 -2.42 2.09×10-3 -2.68 
Mg2+ 4.16×10-3 -2.38 3.98×10-3 -2.40 
Li+ 1.97×10-2 -1.71 0.04 -1.38 
Sn2+ 1.23×10-4 -3.91 1.38×10-3 -2.86 
Zn2+ 8.51×10-5 -4.07 2.34×10-4 -3.63 
Mn2+ 9.97×10-6 -5.00 6.92×10-5 -4.16 
Ni2+ 1.29×10-2 -1.89 0.03 -1.55 
Cu2+ 6.76×10-4 -3.17 1.15×10-3 -2.94 
Co2+ 5.56×10-5 -4.26 1.70×10-4 -3.77 
Cd2+ 4.07×10-3 -2.39 2.82×10-3 -2.55 
Pb2+ 2.45×10-3 -2.61 1.78×10-3 -2.75 
Na+ 5.27×10-3 -2.28 6.31×10-3 -2.20 
Ca2+ 1.05×10-4 -3.98 4.27×10-4 -3.37 
Sr2+ 7.48×10-4 -3.13 1.23×10-3 -2.91 
Ag+ 0.35 -0.46 0.10 -0.99 
Ba2+ 1.32×10-4 -3.88 1.02×10-3 -2.99 
K+ 5.01×10-3 -2.30 5.25×10-3 -2.28 
Rb+ 1.21×10-4 -3.92 8.51×10-4 -3.07 
     
 
a
 The 1st and the 2nd reading were neglected due the poor potential  stability and erratic emf 
changes. 
b
Conditions: primary ion (A): 2.23×10
−4
 mol dm-3  Hg(NO
3
)
2
; interfering ions (B): 2.23× 
10
-4 
mol dm-3. 
c
Conditions: reference solution: 1.0×10
−4  
mol dm-3 Hg(NO
3
)
2
; primary ions (A): 1×10
-2 
mol dm-3  Hg
2+
; interfering ions (B): 1×10
−1 
mol dm-3. 
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4.6.2 Hg(II)-ISE based on the ionophore L2  
4.6.2.1 Effect of membrane composition on the potentiometric response characteristics of 
Hg(II)-ISE based on L2. 
It is well known that the sensitivity, linear dynamic range and selectivity obtained for a 
given electrode depend significantly on the composition of the membrane. In order to arrive at 
the optimum membrane composition, the potentiometric response characteristics of four 
Hg(II)-ISEs based on the ionophore L2 having various ratios of different components were 
investigated. Table 4.25 shows the results obtained with different composition membranes. 
Calibration curves are plotted in Fig. 4.79, a-f.  The results reveal that the best performance is 
obtained with E10 with ratio of PVC (30%), L2 ionophore (1%), o-NPOE (68%) and OA (1%). 
This membrane electrode gave a response slope value of 29.1 ± 0.1 mV/decade which is very 
close to the Nernstian behaviour (29.5 mV/decade) with a detection limit of 6.03×0-8 mol/dm3. 
The linear range was found to be in the range from 6.15×0-8 to 2.28×0-2 mol dm-3 Hg2+ while 
the response time was 7 sec. As it is seen from Table 4.25, the type of the plasticizer used was 
found to have a significant effect on the performance of Hg(II)-ISEs based on the ionophore 
L2. This can be observed when comparing the response characteristics of membrane electrode 
(E9) with that of obtained for membrane E10. The latter membrane electrode (E10) gave a 
response performance better than the former one (E9). This may be due to that the nature of 
the plasticiser and its dielectric constant which is in turn effects the mobility of the ionophore 
and its complex [302]. However, the results showed that the response characteristics of the 
membrane electrode without the addition of a lipophilic additive (E11) much lower than those 
obtained for membrane electrode number (E10). It may be that addition of the lipophilic 
additive (OA) reduces the membrane resistance, this improving the response of the Hg(II)-ISE. 
The influence of the amount of ionophore (L2) used was also investigated (E12). The results 
reveal that the performance of the electrode (E12) decreases by increasing the amount of the 
ionophore indicating that the ionophore was not fully soluble in the membrane. As a 
consequence, Hg(II)-ISE based on L2 (E10) was selected and further investigations under 
different experimental conditions were carried out. 
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Table 4.25 The composition of membranes and response  
characteristics of the ISEs for Hg(II)-based on the L2 ionophore  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Slope 
(mV/pHg) 
LR 
mol dm-3 
DL  
mol dm-3 
RT 
(sec) 
E7 No ionophore, 68% o-NPOE, 30% PVC, 1% OA 
0.6 ± 0.4 -- -- -- 
E8 No ionophore, 68% o-NPOE, 30% PVC, 1% NaTPB 
29.3 ± 0.2 3.16×10-5-1.79×10-3 2.51×10-5 9 ± 1 
E9 1% L2, 68% DOS, 30% PVC, 1% OA 
28.5 ± 0.1 4.22×10-7-1.79×10-3 4.22×10-7 9 ± 1 
E10 1% L2, 68% o-NPOE, 30% PVC, 1% OA 
29.1 ± 0.1 6.15×0-8-2.28×0-2 6.03×0-8 7 ± 1 
E11 1% L2, 68% o-NPOE, 30% PVC, no additive 
23.1 ± 0.2 3.98×0-7-1.78×10-3 3.98×0-7 12 ± 1 
E12 2% L2, 68% o-NPOE, 30% PVC, 1% OA 
28.0 ± 0.2 3.98×0-7-9.46×0-4 5.62×10-7 9 ± 2 
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Fig. 4.79 Potential responses of ISE for Hg(II) with different  
compositions based on the ionophore L2.  
 
4.6.2.2  Effect of the solution pH on the response of the Hg(II)-ISE based on L2 
 
Fig. 4.80 shows the performance of the Hg (II)-ISE based on ionophore L2 at different 
pH values. From the results, it is observed that the potentials remain rather stable in the pH 
range from 3.2 to 8.8 using 1.01×0-3 mol dm-3 concentration of Hg (II) solution (as nitrate). 
This implies that this electrode behaves independently of the pH of the solution.  Under more 
acidic conditions, the potential significantly decreased indicating that H+ ions can compete with 
Hg (II) ion. This in turn leads to decrease the ability of the ionophore, L2 to complex with the 
Hg (II) ions.  
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At pH values higher than 8.8, the potential response of this electrode sharply decreases. 
This could be attributed to the formation of Hg (II) hydroxide species in solution [193]. On the 
other hand, the effect of solution pH on the performance of this was also tested under the same 
condition but in this case using different concentration of Hg(NO3)2 solution (1.01×0
-2 mol dm-
3). The trend observed in the potential by altering the concentration of the Hg(NO3)2 solution 
(1.01×0-2 mol dm-3) was approximately the same.  
From the above discussion, it is clear that the suitable working pH range for the Hg (II)-
ISEs based on ionophore L2 is in the range between 3.2 to 8.8. Thus, a solution of pH = 5.6 
(deionised water) was selected for further studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.80 Effect of the electrode response as  
a function of the pH of the aqueous solution at 298 K  
 
4.6.2.3 Effect of the internal solution concentration on the response of Hg(II)-ISE  
based on L2 
 
Figs. 4.81 shows the response curves obtained for the Hg(II)-ISE based on L2 using two 
different concentrations of internal solution of the Hg(NO3)2 (1×10
-2 and 1×10-3 mol dm-3). The 
slope value obtained using internal solution concentration of 1×10-3 mol dm-3 Hg(NO3)2 was 
found to be 24.5 ± 0.5 mV/decade-1. However, the best performance of the response was 
obtained when the internal solution concentration was 1×10-2 mol dm-3 Hg(NO3)2 (slope = 29.1 
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± 0.1 mV/decade-1) which is close to the theoretical Nernstian slope. These results confirm that 
the concentration of internal solution has a considerable influence on the the response of the 
Hg(II)-ISE based on L2. Therefore, the concentration of 1×10
-2 mol dm-3 of Hg(NO3)2 was 
selected and used for further studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.81 Effect of the internal solution concentration on the 
                  response of Hg(II)-ISEs based on the ionophore L2.  
 
4.6.2.4 Effect of the soaking time on the performance of the Hg(II)-ISE based on L2 
Fig. 4.82 shows the response characteristics of the proposed Hg(II)-ISE based on L2 
obtained at different times (6 h, 12 h, 24 h, 30h, 36 h and 48 h). The best performance for this 
electrode is shown for a soaking time of 24 hs. The slope value obtained was found to be 29.1 
± 0.1 mV/decade (Fig. 4.83) which is close to the theoretical value derived from the Nernstian 
equation.  However, the performance of the Hg(II)-ISE based on the ionophore L2 did not show 
any significant potential change when periods longer than 24 h (30 h, 36 h and 48 h). As a 
result, the optimium conditioning time was 24 hs. 
 
 
 
 
 
 
 
 
 
 
 
0
50
100
150
200
250
300
350
400
450
500
-8.00 -7.00 -6.00 -5.00 -4.00 -3.00 -2.00 -1.00
E
M
F
 (
m
V
) 
𝐥𝐨𝐠 𝐚𝐇𝐠𝟐+  
1.0×0
-2  
mol dm-3 
1.0×0
-3  
mol dm-3 
RESULTS AND DISCUSSION                                                                                 4 
197 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.82 Calibration plots for a Hg(II)-ISEs based on the ionophore L2  
after 6 h, 12 h, 24 h, 30 h, 36 h and 48 h of soaking time at 298 K.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.83 The effect of soaking time on the slope  
characteristics of the Hg(II)-ISE based on L2 at 298 K 
 
4.6.2.5 Response time and reversibility of the Hg(II)-ISE based on L2 
 
The response time of the Hg(II)-ISE based on the ionophore L2 (E10) was measured 
over different concentrations of Hg(NO3)2 solutions (1.0×10
-7 to 1.0×10-2 mol dm-3). As shown 
in Fig.4.84, this electrode attained a fast response and a steady potential in about 5-8 sec. This 
fast response may be partially attributed to the fast mechanism involved in the interaction 
Hg(II) ions with the ionophore.  
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Fig. 4.84 Dynamic response of the L2 based Hg(II)-ISE for step changes  
                in concentration of Hg(II) at 298 K; A) 1.06×10-7, B) 1.06×10-6, 
                C) 1.06×10-5, D) 1.0×10-4, E) 1.0×10-3, and F) 1.0×10-2 mol dm-3. 
 
On the other hand, the reversibility of the E10 was also examined using two different 
concentrations (1×10−4 and 1×10−3 mol dm-3) of Hg(NO3)2 solutions in the same way as for 
Hg(II)-ISE based on the ionophore CPA. Fig. 4.85 shows that the response of E10 was 
reversable. However, the response time needed to reach equilibrium state was found to be about 
of 10 ± 2 sec when the concentration of the Hg(NO3)2 solution was changed by increasing the 
salt concentration.  
 
 
 
 
 
 
 
 
 
Fig. 4.85 Reversibility of the Hg(II)-ISE based on L2  
at 298 K; A) 1.0×10-4, and B) 1.0×10-3 mol dm-3. 
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4.6.2.6 Lifetime of the Hg(II)-ISE based on the ionophore L2 
 
Figs. 4.86 and 4.87 illustrate the lifetime study of the E10 electrode. The results 
obtained showed that the response characteristics of this electrode towards Hg(II) ion remained 
stable for about 90 days without a considerable change in potentials. The mean drift with the 
slope observed over 90 days was found to be lower than 0.02 ± 0.01 mV per day. After a period 
of 90 days, there was a decrease in the electrode stability with an increase in the response time. 
Therefore, this electrode works well for measurements taken at least 90 days.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.86 The lifetime of Hg(II)-ISE (E5) based on the ionophore L2. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.87 Calibration plots for a Hg(II)-ISEs based on the  
ionophore L2 after a perioed of time  
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4.6.2.7 The selectivity of Hg(II)-ISE based on L2 
 
The (𝑘
𝐻𝑔2+, 𝑀𝑛+
𝑝𝑜𝑡
) of the Hg(II)-ISE based on L2 were determined over other cations. 
The same methods used for the Hg(II)-ISE based on CPA (SSM and MPM). The resulting 
values are shown in Table 4.26. From the results, it can be observed that this electrode is highly 
selective towards Hg(II) ions with respect to other cations with the exception of sliver ion 
(log 𝑘
𝐻𝑔2+, 𝐴𝑔+
𝑝𝑜𝑡 = -0.86 by SSM and -1.0 by MPM) which may cause a barely interference. 
This indicates that these cations do not cause significantly interference which can affect the 
functioning of the Hg(II)-ISE. The trend observed in log 𝑘
𝐻𝑔2+, 𝑀𝑛+
𝑝𝑜𝑡
 values follows the 
sequence;  
 By SSM, 
Co2+< Mn2+< Rb+< Zn2+ < Sn2+< Ba2+< Ca2+< Cu2+< Al3+< Sr2+  
< Cd2+< Na+< Mg2+< Pb2+< K+< Fe3+< Li+< Ni2+< Ag+ 
 By MPM, 
Sn2+< Co2+< Mn2+< Zn2+ = Ca2+< Rb+< Ba2+< Al3+< Cu2+< Sr2+ 
< Fe3+< K+< Pb2+< Cd2+< Mg2+< Na+< Ni2+< Li+< Ag+ 
 
The deffirence in sequence of the selectivity coefficient values resulting of applying 
these two methods is attributed to the aformentiond reasons as in the case of CPA (section 
4.6.1.7). 
However, these results were compared to those obtaining for Hg(II)-ISE based on CPA. 
Both electrodes show better selectivity towards Hg (II) ions over other cations. The ISE based 
on CPA has a longer stability than that based on L2. In addition, the 𝑘𝐻𝑔2+, 𝑀𝑛+
𝑝𝑜𝑡
 values obtained 
by Hg(II)-ISE based on L2 were approximately smaller to those obtained by Hg(II)-ISE based 
on CPA. This indicates that Hg(II)-ISE based on L2 has interferance effect with other metal 
ions less than Hg(II)-ISE based on CPA. 
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Table 4.26 Selectivity coefficient valuesa of Hg(II)-ISE using the ionophore L2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interferent 
(Mn+) 
SSMb MPMc 
𝒌
𝑯𝒈𝟐+, 𝑴𝒏+
𝒑𝒐𝒕
 𝐥𝐨𝐠 𝒌
𝑯𝒈𝟐+, 𝑴𝒏+
𝒑𝒐𝒕  𝒌
𝑯𝒈𝟐+, 𝑴𝒏+
𝒑𝒐𝒕
 𝐥𝐨𝐠 𝒌
𝑯𝒈𝟐+, 𝑴𝒏+
𝒑𝒐𝒕
 
Al3+ 3.02×10-4 -3.52 9.12×10-4 -3.04 
Fe3+ 1.95×10-3 -2.71 1.07×10-3 -2.97 
Mg2+ 9.33×10-4 -3.03 1.48×10-3 -2.83 
Li+ 7.08×10-3 -2.15 1.0×10-2 -1.84 
Sn2+ 4.37×10-5 -4.36 8.13×10-5 -4.09 
Zn2+ 3.63×10-5 -4.44 3.02×10-4 -3.52 
Mn2+ 4.37×10-6 -5.36 2.45×10-4 -3.61 
Ni2+ 7.76×10-3 -2.11 7.41×10-3 -2.13 
Cu2+ 2.04×10-4 -3.69 9.33×10-4 -3.03 
Co2+ 3.24×10-6 -5.49 2.69×10-4 -3.57 
Cd2+ 4.17×10-4 -3.38 1.41×10-3 -2.85 
Pb2+ 1.55×10-3 -2.81 1.38×10-3 -2.86 
Na+ 4.36×10-4 -3.36 2.29×10-3 -2.64 
Ca2+ 7.94×10-5 -4.10 3.02×10-4 -3.52 
Sr2+ 3.89×10-4 -3.41 9.55×10-4 -3.02 
Ag+ 0.138 -0.86 0.1 -1.00 
Ba2+ 5.75×10-5 -4.24 4.78×10-4 -3.32 
K+ 1.73×10-3 -2.76 1.35×10-3 -2.87 
Rb+ 3.39×10-5 -4.47 3.63×10-4 -3.44 
 
a The 1st and the 2nd reading were neglected due the poor potential  stability and erratic emf 
changes
 
b
Conditions: primary ion (A): 2.23×10
−4
 mol dm-3  Hg(NO
3
)
2
; interfering ions (B): 2.23× 
10
-4 
mol dm-3. 
c
Conditions: reference solution: 1.0×10
−4  
mol dm-3  Hg(NO
3
)
2
; primary ions (A): 1×10
-2 
mol dm-3  Hg
2+
; interfering ions (B): 1×10
−1 
mol dm-3. 
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4.6.3 Analytical applications of Hg(II)-ISEs based on the ionophores CPA and L2. 
 
Hg(II)-ISEs based on CPA and L2 were used as indicator electrodes for some analytical 
purposes such as the potentiometric titration of Hg(II) with EDTA and the determination of 
mercury in an amalgam sample. Fig. 4.88 shows potentiometric titration curves resulting from 
the titration of Hg(NO3)2 solution (60 cm
3, 1.0×10−3 mol dm-3) with 5×10-3 mol dm-3 of  EDTA 
using the optimised two Hg(II) selective electrodes based on CPA and L2 respectively. The 
curves showed the end point of the titration (12.6 ± 0.3). This indicates that the optimised 
Hg(II) selective electrodes based on CPA and L2 were found to work well as indicator 
electrodes in the potentiometric titration of Hg(II) nitrate solution with EDTA in aqueous 
media. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.88 Potentiometric titration curve of Hg2+ solution with EDTA  
solution using the Hg(II)-ISEs based on the ionophores CPA and L2. 
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On the other hand, the Hg(II) electrodes base on the CPA and L2 ionophores were used 
for real samples. Table 4.27 shows results obtained for the quantitative determination of the 
mercury ion in a filling dental amalgam using these electrodes and the atomic absorption 
spectrometry technique. The results obtained using both Hg(II)-ISEs were found to be in good 
agreement with the results obtained by AAS. The compatibility of the two methods were found 
to be 95.1 and 97.4% for Hg(II)-ISEs based on the ionophores CPA and L2 respectively.  
 
Table 4.27 Application of Hg(II)-ISEs based on the ionophores CPA and L2  
 for the determination of mercury ion a filling dental amalgam alloy sample 
 
 
 
 
 
 
 
 
4.6.4 Comparison with previously Hg(II)-ISEs 
Here, the response characteristics such as slope, detection limit, linear working range 
and potentiometric selectivity over other metal ions for the proposed Hg(II)-ISEs based on the 
ionophores CPA (E5) and L2 (E10) are compared with other Hg(II)-ISEs based on various 
ionophores previously reported in the literature (Table 1.5, section 1.10.2). As can be seen, the 
response characteristics of the proposed Hg(II)-ISEs in this work are comparable or even better 
than those Hg(II)-ISEs reported in the literature. This improvement in the performance raises 
from the electrode composition. On the other hand, the interaction of the NaPh4B (or related 
salts) as an additive with Hg(II) has implications on the characteristics reported for these 
electrodes. This indicates that the response of the electrode may result from the response of the 
additive rather than the ionophore (this may be occurring in the prior studies mentioned). This 
issue was solved by using another additive like oleic acid reported in this work. 
Sample Supplier 
Ionophore 
used 
Mercury(II) content, mol dm-3 
Practical con. 
using AAS  
mol dm-3 
Practical con. 
using Hg-ISE 
mol dm-3 
Compatibility 
(%) 
D
en
ta
l 
am
al
g
am
 a
ll
o
y
 
(%
) 
N
o
rd
is
k
a 
D
en
ta
l 
A
B
 
In
d
u
st
ri
es
, 
S
w
ed
en
 CPA 
(1.00±0.05)×10-5  
(9.5±0.2)×10-6  
 
95.1 
 
L2 (9.7±0.1)×10
-6  97.4 
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5. CONCLUSIONS. 
 
On the basis of the results discussed, the following conclusions are given: 
 
i. Ligands L1 and L2 were successfully synthesised in good yields and characterised 
in different organic solvents by 1H NMR.  
ii. 1H NMR investigation of ligand L1 and CP(II) (previously synthesised) upon 
addition of metal cations under study in CD3CN at 298 K did not give any 
significant chemical shift changes for each proton with respect to the reference free 
ligand. This was taken as an indication that there is no interaction between these 
two ligands with metal cations. This may be attributed to the nature of the donor 
atoms in the pendant arms and their arrangement which may hinder the ability of 
the ligand to bind metal cations. 
iii. 1H NMR characterisation and complexation studies (1H NMR, conductance and 
thermodynamics) of CPA (previously investigated in the Thermodynamic 
Laboratory with the Tronac 550 microcalorimeter) and L2 with metal cations in 
acetonitrile at 298.15 K were investigated. 
iv. 1H NMR measurements for CPA and L2 ligands in different solvents show that the 
chemical shift changes in moving from a reference solvent to another clearly show 
that the solvent has an important role on the complexation process between 
macrocycles and metal cations under investigation.  
v. Conductance measurments showed that CPA ligand interacts with Cd2+, Mg2+, 
Ca2+, Sr2+ and Ba2+ in acetonitrile at 298.15 K to form (Mn+:CPA) complexes with 
moderate stability (1:1 stoichiometry) except for Cd2+ cation (weak curve at 1:1 
stoichiometry) while the interaction of the CPA ligand with Hg2+ cation formed at 
1:2 stoichiometry (ligand: metal complex). However, complexes of different 
stability at 1:1 stoichiometry were formed between L2 ligand and metal cations 
such as Li+, Na+, Ba2+, Mg2+, Sr2+ , Zn2+, Cd2+, Cd2+, Hg2+and Pb2+. 
vi. Data on the thermodynamics of complexation of CPA and L2 with metal cations in 
acetonitrile at 298.15 K showed that these ligands are able to interact with different 
cations. The highest stability value was obtained for Hg2+-CPA and Hg2+-L2 
complexes. This indicates that CPA and L2 are more selective for Hg
2+ when 
compared to all other tested metal ions. 
vii.  The thermodynamics of complexation of the CPA ligand with metal cations in 
acetonitrile at 298.15 K in solvent show that these processes are enthalpically 
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controlled in the exception of Hg2+ (1:2 and (1+2) ratios) cation where they are 
entropically controlled. On the other hand, thermodynamics of L2 with all tested 
metal cations are enthalpically controlled.  
viii. The results obtained for the CPA ligand with metal cation (1H NMR, conductance 
and thermodynamics measurements) in this work were compared with those 
reported by El Gamouz. The large differences observed in these measurments may 
be attributed to the effect of dryness of the metal salt as well as to the resolution 
and sensitivity of the instrument, as a nano calorimeter instrument was used in this 
work while the micro calorimeter (Tronac 550) was used by El-Gamouz. 
ix. A CPA dimer was characterised by MS spectroscopy. 
x. The CPA dimer as extracting agent has sufficient capacity to remove important 
polluting ions like Hg2+, Pb2+, Zn2+, Cu2+ and Cd2+ from aqueous solutions 
xi. The conditions for the optimal extraction of these ions from aqueous solutions have 
been established. The results showed that the removal process of these ions from 
aqueous solutions by the CPA dimer is strongly dependant on the pH of the 
solution, the mass of the dimer, the initial metal ion concentration, the contact time 
and temperature. 
xii. The high extraction efficiency (%) and capacity of the CPA dimer was found for 
Hg2+ cation as compared with other metal ions under investigation. 
xiii. The kinetics of the extraction process was relatively fast. The times required for 
the material to uptake the metal ions from the aqueous solution and then reach an 
equilibrium state are 60 min (Hg2+), 80 min (Pb2+, Zn2+, Cu2+) and 100 min (Cd2+).  
xiv. The extraction processes of all tested metal ions by the CPA dimer are slightly 
endothermic as assessed from extraction data carried out at different temperatures. 
xv. The novel Hg (II)-ISEs highly selective for the Hg2+ ion have been developed based 
on the CPA and L2 ionophores.  
xvi. The investigations of the effect of membrane composition on the response of the 
Hg2+-ISE based on CPA show that the electrode membrane containing 1% as 
ionophore, 68% o-NPOE as plasticizer and 1% OA as additive exhibits linear 
response for the Hg2+ cation with a slope of 30.08 mV and at pH of 5.6. A linear 
response for this metal cation with slope of 29.1 mV and at the same pH value was 
also found using ionophore L2. 
xvii. Detection limits of 1.81×10-7 and 6.03×10-8 mol dm-3 for Hg (II)-ISEs based on 
CPA and L2 respectively. The response times for both electrodes was 7-10 seconds. 
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The Hg (II)-ISE was found to work without any considerable difference in their 
potentials for 68 days for the CPA based ISE while for the L2 based electrode was 
longer (90 days). 
xviii. Selectivity coefficient determined by two methods recommende by IUPAC 
showed that the selectivity for Hg2+ is very high as compared to other cations. It is 
concluded that the ISE based on CPA has a higher detection limits, longer stability 
than that based on L2. 
xix. The Hg (II)-ISEs were successfully used as indicator electrodes in the 
potentiometric titration experiments of Hg2+ with EDTA in aqueous solution. 
Furthermore, they were used for determining the Hg2+ ion concentration in a dental 
filling amalgam alloy sample and the results showed a good agreement with those 
obtained by AAS. 
xx. It can be observed that the electrodes showed performance characteristics better or 
comparable in some aspects in comparison to those reported in the literature.  
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6. SUGGESTIONS FOR FUTURE WORK. 
 
Based on the results and conclusions gained from this work, suggestions for 
future work are given. 
 The complexation studies of L2 with metal cations were investigated in acetonitrile in 
this thesis. However, the investigations should be extended to other non-aqueous 
solvents to assess the medium effect on the complexation behaviour of these ligands 
towards cations in solution. 
 To determine the heat capacity of the complexation process involving these receptors 
and metal cations. 
 To investigate of the ability of lanthanide (III) ions to interact with L2 ligand in 
acetonitrile using 1H NMR, conductometric and ITC techniques. 
 To study the possibility of using these ion selective electrodes for monitoring cations 
in non-aqueous solvents and mixture of solvents.  
 To carry out the polymerisation of L2 as or its attachment to silica through the p-position 
to obtain a novel extracting agent with selective properties for the Hg (II) cation. 
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122. S. K. Kim, G. I. Vargas-Zúñiga, B. P. Hay, N. J. Young, L. H. Delmau, C. Masselin, 
C-H. Lee, J. S. Kim, B. A. Moyer, V. M. Lynch, J. L. Sessler, J. Am. Chem. Soc., 2012, 
134, 1782. 
123. R. P. Buck and E. Lindner, Anal Chem., 2001, 73, 88A-97A. 
124. M. Cremer, Z. Biol., 1906, 47, 562. 
125. F. Haber and Z. Klemensiewicz, J. Phys. Chem., 1909, 67, 385-431. 
126. J. D. Czaban, Anal. Chem., 1985, 57, 345 A. 
127. I. M. Kolthoff, and H. L. Sanders, J. Am. Chem. Soc., 1937, 59, 416. 
128. G. Eisenman, D. O. Rudin, and J. U. Casby, Science, 1957, 126, 831. 
129. E. Pungor and T. Toth, Analyst, 1970, 95, 625. 
130. K. Sollner and G.M. Shean, J. Am. Chem. Soc., 1964, 86, 1901. 
131. M. S. Frant and J. W. Ross, Science, 1966, 154, 1553. 
132. R. A. Durst, Ion-Selective Electrodes, Natl. Bur. Stand. Spec. Publ., Washington,  
 1969. 
133. J. Ruzicka and J. C. Tjell, Anal. Chim. Acta., 1970, 49, 349. 
134. S. Mesaric and E. A. M. F. Dahmen, Anal. Chim. Acta., 1973, 64, 431. 
135. W. R. Heineman, H. J. Wieck and A. M. Yacynych, Anal. Chem., 1980, 52, 345. 
136. G. Price and P. L. Drake, React. Funct. Polym., 2006, 66, 109. 
137. V. K. Gupta, A. K. Singh and B. Gupta, Anal. Chim. Acta., 2006, 575, 198. 
138. S. S. M. Hassan, W. H. Mahmoud, M. A. F. Elmosallamyand M. H. Almarzooqi, J.  
 Pharm. Biomed. Anal., 2005, 39, 315. 
139. R. P. Buck, Ion-Sel. Electrode Rev., 1982, 4, 3. 
140. E. Bakker, Anal. Chem., 2004, 76, 3285. 
141. V. Kumar, H. Rana, M.P. Kaushik, Analyst, 2011, 136(9), 1873. 
142. P. Debye, E. Huckel, J. Phys. Z., 1923, 24, 185. 
143. P. C. Meier, Anal. Chim. Acta., 1982, 136, 363. 
144. T. S. Light, C. C. Cappuccino, J. Chem. Ed., 1975, 52(4), 247. 
145. W. Simon, H. R. Wuhrmann, M. Vasak, L. A. R. Pioda, R. Dohner and Z. Stefanac,  
REFERENCES    7 
 
214 
 Angew. Chem., 1970, 82, 433. 
146. P. L. Bailey and M. Riley, Analyst, 1975,100, 145. 
147. Recommendations for Nomenclature of Ion Selective Electrodes, Pure & Appl. Chem., 
1976, 48, 129. 
148. D. C. Cowell and P. A. E. Ford, Clin. Chem., 1987, 33, 145. 
149. J. A. Shatkin, H. S. Brown, S. Licht, Anal. Chem., 1995, 67, 1147. 
150. C. Gavach and C. Bertrand, Anal. Chim. Acta., 1971, 55, 385. 
151. G. G. Guilbault, Pure Appl. Chem., 1971, 25, 727. 
152. G. Reich, Advanced Drug Delivery Rev., 2005, 57, 1109. 
153. U. Fiedler, J. Ruzicka, Anal. Chim. Acta., 1973, 67, 179. 
154. A. Craggs, G. J. Moody and J. D. R. Thomas, J. Chem. Ed., 1974, 51, 541. 
155. G. J. Moody, R. B. Oke and J. D. R. Thomas, Analyst, 1970, 95, 910. 
156. D. Ammann, E. Pretsch and W. Simon, Tetrahedron Lett., 1972, 2473. 
157. P. Anker, E. Wieland, D. Ammann, R. E. Dohner, R. Asper and W. Simon,  
 Anal. Chem., 1981, 53, 1970. 
158. D. Ammann, R. Bissi, M. Guggi, E. Bretsch, W. Simon, I. J. Borowitz and L. Weiss,  
 Helv. Chim. Acta., 1975, 58, 1535. 
159. E. Bakker, P. Buhlmann, and E. Pretsch, Chem. Rev., 1997, 97, 3083. 
160. U. Fiedler, Anal. Chim. Acta., 1977, 89, 111. 
161. I. Svancara, K. Vytras, K. Kalcher, A. Walcarius and J. Wang, J. Electroanal., 2009, 
21(1), 7. 
162. M. Nagele, Y. Mi, E., Bakker, E. Pretsch, Anal. Chem., 1998, 70, 1686. 
163. M. Shamsipur, M. Yousefi, M. Hosseini and M.R. Ganjali, Anal. Chem., 2002, 74, 
5538. 
164. J. Bobacka, A. Ivaska and A. Lewenstam, Chem. Rev., 2008, 108, 329. 
165. D. Ammann, W. E. Morf, P. Anker, P. C. Meier, E. Pretsch and W. Simon, Ion Sel. 
Elec. Rev., 1983, 5, 3. 
166. X. Li, K. G. Klemic, M. A. Reed and F. J. Sigworth, Nano Lett., 2006, 6, 815. 
167. E. Bakker, E. Pretsch, and P. Buhlmann, Anal Chem., 2000, 72, 1127. 
168. R. Y. Xie, V. P. Y. Gadzekpo, A. M. Kadry, Y. A. Ibrahim, J. Ruzicka and G. D.  
 Christian, Anal. Chim. Acta., 1986,184, 259. 
169. IUPAC, Pure Appl. Chem., 1976, 48,129. 
170. V. P. Y. Gadzekpo and G. D. Christian, Anal. Chim. Acta., 1984, 164, 279. 
171. R. P. Buck, E. Lindner, Pure Appl. Chem., 1995, 66, 2527. 
REFERENCES    7 
 
215 
172. R. P. Buck, E. Lindner, W. Kutner and G. Inzelt, IUPAC, Pure Appl. Chem., 2004,  
 76,  6, 1139. 
173. E. Bakker, Trends in Anal. Chem., 1997, 16, 252. 
174. V. P. Y. Gadzekpo, G. D. Christian, Anal. Chim. Acta., 1984, 164, 279. 
175. Y. Umezawa, K. Umezawa, and H. Sato, Pure Appl. Chem., 1995, 67, 507. 
176. Y. Umezawa, P. Buhlmann, K. Umezawa, K. Tohda, and S. Amemiya, Pure Appl. 
Chem., 2000, 72,1851. 
177. S. Sheen and J. Shih, Analyst, 1992, 117, 1691. 
178. M. T. Lai, and J. S. Shih, Analyst, 1986, 111, 891. 
179. M. Sugawara, K. Kojima, H. Sazawa, and Y. Umezawa, Anal. Chem., 1987, 59, 2842. 
180. V. Kral, J. L. Sessler, T. V. Shishkanova, P. A. Gale, and R. Volf, J. Am. Chem. Soc., 
1999, 121, 8771. 
181. A. F. Danil de Namor, O. A. Webb, A. El Gamouz, W. A. Hamdan and M. Al-Nuaim, 
“Calixpyrroles: From Fundamental Studies to the Development of Ion Selective 
Electrodes, in Advanced Synthetic Materials in Detection Science”, ed. S. M. Reddy, 
Royal Society of Chemistry, 2014, ch. 6, 172. 
182. P. Buhlmann, E. Pretsch, and E. Bakker, Chem. Rev., 1998, 98, 1593. 
183. I. Abbas, Int. J. Chem., 2012, 4(1), 23. 
184. J. Lu, X. Tong, X. He, J Electroanal Chem., 2003, 540, 111. 
185. R. K. Mahajan, R. Kaur, V. Bhalla, M. Kumar, T. Hattori, and S. Miyano, Sens 
Actuators, 2008, 130, 290. 
186. J. Ruzicka, and J. C. Tjell, Anal. Chim. Acta, 1970, 51, 1. 
187. X. Yang, D. B. Hibbert, and P. W. Alexander, Anal Chim Acta, 1998, 372, 387. 
188. M. T. Lai, J.S. Shih, Analyst, 1986, 111, 891. 
189. A. A. Ensafi, S. Meghdadi, and A. R. Allafchian, J. Korean Chem. Soc., 2007, 51 (4), 
324.  
190. M. Javanbakht, M. R. Ganjali, H. Eshghi, H. Sharghi, M. Shamsipur, J. Electroanal.,   
 1999, 11(2), 81. 
191. M. Mazloum, M. K. Amini, and I. M. Baltork, Sens. Actuators B, 2000, 63, 80. 
192. A. R. Fakhari, M.R. Ganjali, M. Shamsipur, Anal. Chem., 1997, 69, 3693. 
193. M. H. Mashhadizadeh, I. Sheikhshoaie, Talanta, 2003, 60, 73. 
194. S. S. M. Hassan et al., Talanta, 2000, 53, 285. 
195. M. Bagheri, M. H. Mashhadizadeh, S. Razee, J. Electroanal., 2003, 15, 1824. 
REFERENCES    7 
 
216 
196. A. K. Singh, R. P. Singh, and S. Mehtab, J. Incl. Phenom. Mac. Chem., 2008, 60(1), 
9. 
197. W. Szczepaniak, J. Oleksy, Anal. Chim. Acta, 1986, 189, 237. 
198. B. Dalkıran, A. D. Ozel, S. Parlayan, E. Canel, U. Ocak, and E. Kılıc, Monatsh 
Chem., 2010, 141, 829. 
199. R. K. Mahajan, R. K. Puri, A. Marwaha, I. Kaur and M. P. Mahajan, J. Hazard. Mater., 
2009, 167, 237. 
200. V. K. Gupta, S. Chandra, and H. Lang, Talanta, 2005, 66, 575. 
201. H. A. Arida, J. P. Kloock, and M. J. Schoning, Sensors, 2006, 6, 435. 
202. M. B. Saleh, E. M. Soliman, A. A. Gaber, S. A. Ahmed, Anal Lett., 2006, 39, 659. 
203. V. K. Gupta, S. Jain, U. Khurana, J. Electroanal. Chem., 1997, 9, 478. 
204. W. H. Mahmoud, G. A. W. El-Inany, F. M. E. Omar, and R. M. El-Tohamy, IJASR 
  Int. J. Acad. and Sci. Res., 2013, 1(1), 34. 
205. R. K. Mahajan, A. Kamal, N. Kumar, V. Bhalla, and M. Kumar, Environ Sci Pollut 
Res., 2013, 20, 3086. 
206. Z. Brzozka, and M. Pietraszkiewicz, J. Electroanal., 1991, 3, 855. 
207. A. K Hassan. Mod. Chem. Appl., 2013, 1(4), 111. 
208. J. Jumal, B. M. Yamin, M. Ahmad, and L. Y. Heng, J. APCBEE Procedia, 2012, 3, 
116.  
209. T. F. Tahir, A. Salhin and S. A. Ghani, Sensors, 2012, 12(11), 14968. 
210. R. K. Mahajan, I. Kaur, and T. S. Lobana. Talanta, 2003, 59 (1), 101.  
211. V. K. Gupta, A. K. Singh, M. A. Khayat, and B. Gupta, Anal Chim Acta, 2007, 590,  
 81. 
212.  A. A. Ensafi, S. Meghdadi, and A. R. Allafchian, IEEE Sens J., 2008, 8, 248. 
213. R. K. Mahajan, P. Sood, M. P. Mahajan, and A. Marwaha, Ann Chim., 2007, 9, 959. 
214. U. Ocak, M. Ocak, A. Basoglu, S. Parlayan, H. Alp, and H. Kantekin, J. Incl Phenom  
 Macrocycl Chem., 2010, 67, 19. 
215. M. Ghanei-Motlagh, M. Fayazi, and M. A. Sens. Actuators, B, 2014, 199. 133. 
216. X. Yu, Z. Zhou, Y. Wang, Y. Liu, Q. Xie, and D. Xiao, Sens. and Actuators B, 
2007,123, 352. 
217. G. Somer, S. Kalaycı, G. Ekmekci, Sens. Actuators, B, 2001, 81, 122. 
218. L. P. Marin, E. O. Sanchez, G. M. Miranda,  P. A. Perez, J. A. Chamaro, and H. L.  
 Valdivia, Analyst, 2000, 125, 1787. 
219. R. K. Mahajan , R. Kaur , I. Kaur, V. Sharma,  and M. Kumar, Anal Sci., 2004, 20(5),  
REFERENCES    7 
 
217 
 811. 
220. F. Bakhtiarzadeh, S. A. Ghani, J. Electroanal. Chem., 2008, 624, 139.  
221. A. K. Singh, G. Bhattacharjee, and R. Singh, Sens. Actuators, B, 2004, 99, 36. 
222.  G. Ye , Y. Chai , R. Yuan ,  J. Dai, Anal Sci., 2006, 22(4), 579.   
223. A. C. Ion, I. Ion, D. N. Stefan, and L. Barbu, Mater Sci Eng C., 2008,  29, 1. 
224. M. Ghaedi, A. Shokrollahi, M. Montazerzohori, and S. Gharaghani, Acta Chim. Slov., 
 2006, 53, 428. 
225. S. S. Hassan , W. H. Mahmoud , A. H. Mohamed , and A. E. Kelany, Anal Sci., 2006, 
22(6), 877.  
226. H. Khani, M. K. Rofouei, P. Arab, V. K. Gupta, and Z. Vafaei, J. Hazard. Mater., 2010, 
183, 402. 
227. A. A. Ismaiel, M. K. Aroua and R. Yusoff, Sensors, 2014, 14, 13102. 
228. H. M. Abu-Shawish, J. Hazard. Mater., 2009,167, 602. 
229. L. Hajiaghababaei, A. Sharafi, S. Suzangarzadeh and F. Faridbod, J. Anal. Bioanal. 
Electrochem., 2013, 5(4), 481. 
230. V. K. Gupta, B. Sethi, R. A. Sharma, S. Agarwal, and A. Bharti, J. Mol. Liq., 2013,  
            177, 114. 
231. M. Hosseini, M. Rahimi, H. B. Sadeghi, S. T. Ganjali, S. D. Abkenar and  M. R. Ganjali, 
Intern. J. Environ. Anal. Chem., 2009, 89(6), 407. 
232. B. S. Furniss, A. J. Hannford, P. W. G. Smith, A. R. Tatchell, ‘‘Vogel’s Textbook of 
Practical Organic Chemistry’’, 5th Eds.; Logman Scientific and Technical, London, 
1989. 
233.  C. Jeunesse, C. Dieleman, S. Steyer and D. Matt,  J. Chem. Soc., Dalton Trans., 2001, 
881.       
234. M. Shehab, PhD thesis, University of Surrey, 2005.    
235.  J. T. Stock, J. Anal. Chem., 1984, 6, (4), 561.     
236. G.W. Ewing, Analytical Instrumentation Handbook, 2nd edition, M. Decker, New        
 York, 1997, 1099.   
237. Operating Instructions for the Wayne-Kerr, co. Ltd., sussex, England, 1982.                   
238.  G. Jones, C. Bradshaw, J. Am. Chem. Soc., 1933, 55, 1780.                                              
239.  R. M. Fuoss, K.-L. Hsia, Proc. Nat. Acad. Sci., 1967, 57, 1550.    
240. N. N. Salim, and A. L. Feig, Methods, 2009, 47(3), 198.                        
241. Y. Liu and J.M. Sturtevant., Protein Science, 1995, 4, 2559-2561.                                
242.  L. E. Briggner, I. J. Wadsö, J. Biochem. Biophys. Methods, 1991, 22, 101.  
REFERENCES    7 
 
218 
243. H-J. Buschman and E. Schollmeyer. Thermochim. Acta., 1999, 333(1), 49.                            
244. S. Babel and E. M. Opiso, Int. J. Environ. Sci. Technol., 2007, 4(1), 99. 
245. A. S. Brown, J. Am. Chem. Soc., 1934, 56, 646. 
246. S. M. Lim, H. J. Chung, K. -J. Paeng, C.-H. Lee, H. N. Choi, and W.-Y. Lee, 
            Anal. Chim. Acta, 2002, 453, 81.        
247. E. Sihombing, M. Situmorang, T. Sembiring and M. Nasruddin, Mod. Appl. Sci., 2015, 
9(8), 81. 
248. D. Kuruoglu, E. Canel, S. Memon, M. Yılmaz and E. Kılıc, Anal. Sci. 2003, 19 (2),  
 217. 
249. R. P. Buck and E. Lindner, Pure & Appl. Chem., 1994, 66, 2527. 
250. P. C. Meier, Anal. Chim. Acta., 1982, 136, 363. 
251. P. Debye, E. Huckel, Phys. Z., 1923, 24, 185. 
252. E. Baumann, Anal. Chim. Acta, 1986, 42, 127.  
253. K. Zegarra-Fernandez, PhD thesis, University of Surrey, 2007. 
254. A. K. Covington and T. Dickinson, ‘Physical Chemistry of Organic Solvent Systems’, 
Plenun Publishing Company, London and New York, 1973.  
255. O. Popovych, and R. P. T. Tomkins, “Non-Aqueous Solution Chemistry”, John Wiley 
& Sons, Inc., New York, 1981. 
256. S. Ahmadzadeh, A. Kassim, M. Rezayi, and G. H. Rounaghi, Molecules, 2011, 16, 
8130. 
257.  B. G. Cox and H. Schneider, Coordination and Transport Properties of Macrocyclic    
Compounds in Solution, Elsevier, Amsterdam, 1992.  
258. T. Ikeda and M. Boero, J. Chem. Phys., 2012, 137, 041101. 
259. J. Burgess, “Metal Ion in Solution”, Ellis Horwood Ltd. Chichester, U.K, 1978. 
260. C. D. Gutsche, “Calixarenes in (Monographs in Supramolecylar Chemistry)”, Ed: J. F. 
Stoddart, The Royal Society of Chemistry, London, UK, 1989. 
261. A. F. Danil de Namor, A. F. Aguilar-Cornejo, S. Chahine, and K. B. Nolan, J. Arg. 
Chem. Soc., 2004, 92, 155. 
262. A. F. Danil de Namor, J. K. Chaaban, and I. Abbas, J. Phys. Chem. A, 2006, 110, 
9575.  
263.  A. F. Danil de Namor, S. Chahine, D. Kowalaska, E. E. Castellano and O. E. Piro, J. 
Am. Chem. Soc. 2002, 124, 12824. 
264. H. C. Mandalia, and V. K. Jain, J. Adv. Anal. Chem., 2011, 1(1), 1. 
REFERENCES    7 
 
219 
265. C. Namasivayam, R. T. Yamuna, Chemosphere, 1993, 30, 561. 
266. K. G. Bhattacharyya, S.S. Gupta. Adsorption Sci. Technol., 2009, 27, 47. 
267. H. Faghihian,M. Nejati-Yazdinejad. Adsorption Sci. Technol., 2009, 27, 107. 
268. P. Salehi, B. Asghari, F. Mohammadi. J. Water Resour. Prot., 2010,2, 701. 
269. A. Wilke, R. Buchholz, G. Bunke. Environ. Biotechnol.,2006, 2, 47. 
270. E. Romera, F. Gonzalez, A. Ballester, M. L. Blazquez, J. A. Muñoz. Bioresour. 
Technol., 2007, 98, 3344. 
271. K. B. Payne, T. M. Abdel-Fattah. J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. 
Eng., 2004, 39, 2275. 
272. D. E. Leyden, G. H. Luttrell, A. E. Sloan and N. J. DeAngelis, Anal. Chim. Acta, 1976, 
84, 97. 
273. D. Forman, S. Al Dabbagh and R. Doll, Nature, 1985, 313, 620. 
274. J. M. C. Brito, D. Ferreira, C. A. C. Guerrero, A. V. Machado, and J. Beltrao, ‘Improved 
Crop Quality by Nutrient Management’ Springler, Netherlands. 1999, ch. 31 (86) 
275. K. Andrzej, and W. T. Andrzej, React. Funct. Polym.,2006, 66, 957. 
276. E. V. Orala,, I. Dolak, H. Temel, B. Ziyadanogullari, J. Hazard. Mater., 2011, 
186 ,724. 
277. N. Ferrah, O. Abderrahim , M. A. Didi , D. Villemin , Desalination, 2011, 
269, 17. 
278. F. Sabermahani, M. A. Taher, H. Bahrami, S. Fozooni, J. Hazard. Mater., 
2011, 185 945. 
279. S. Vellaichamy, K. Palanivelu ,J. Hazard. Mater.,2011, 185, 1131. 
280. F. Xie , X/ Lin, X. Wu, Z. Xie , Talanta, 2008, 74, 836. 
281. M. Ghaedi, A. Shokrollahi, A. H. Kianfar, A. Pourfarokhi, N. Khanjari, A.S. 
Mirsadeghi, M. Soylak, J. Hazard. Mater., 2009, 162, 1408. 
282. M. Tuzen, M. Soylak, D. emirhan, H. S. Citak, M. G. A. Ferreira, M. A. Korn, 
Bezerra. J. Hazard. Mater., 2009, 162, 1041. 
283. S. Seyhan, M. Colak, M. Merdivan, N. Demirel, Anal. Chim. Acta, 2007, 584, 462. 
284. S. Q. Memon, M. I. Bhanger, S. M. Hasany, M. Y. Khuhawar, Talanta, 2007, 72, 
1738. 
285. A. Ramesh, B. A. Devi, H. Hasegawa, T. Maki, K. Ucda, J. Microchem., 2007, 86, 
124. 
286. C.P.C. Rao, S.S. Veni, M.M. Rao, K. Pratap, M.C.Wang, K. Seshaiah, Toxicol. 
Environ. Chem., 2006, 88, 65. 
REFERENCES    7 
 
220 
287. Y. Liu, Y. Guo, S. Meng, X. Chang, Microchim. Acta, 2007, 158, 239. 
288. A. Ramesh, K.R. Mohan, K. Seshaiah, Talanta, 2002, 57, 243. 
289. M. A. Taher, S. Z. M. Mobarakeh, A. R. Mohadesi, Turk. J. Chem., 2005, 29, 17. 
290. V. A. Lemos, P. X. Baliza, Talanta, 2005, 67, 564. 
291. V. A. Lemos, D. G. da Silva, A. L. de Carvalho, D. de A. Santana, G. dos S. Novaes, 
A. S. dos Passos, J. Microchem., 2006, 84, 14. 
292. Y. Liu, Y. Guo, X. Chang, S. Meng, D. Yang, B. Din, Microchim. Acta, 2005, 149, 
95. 
293. T. Rosatzin, E. Bakker, K. Suzuki and W. Simon, Anal. Chim Acta, 1993, 280, 197. 
294. M. H. Mashhadizadeh I. Sheikhshoaie, Talanta, 2003, 60, 73. 
295. V. Kral, J. L. Sessler, T. V. Shishkanova, P. A. Gale and R. Volf, J. Am. Chem. Soc., 
1999, 121, 8771. 
296. E. Bakker, P. Buhlmann, and E. Pretsch, Chem. Rev., 1997, 97(8), 3083. 
297. E. Bakker, P. Buhlmann, and E. Pretsch, Chem. Rev., 1998, 98, 1593. 
298. V. K. Gupta, S. Jain and U. Khurana, Electroanal., 1997, 9(6), 478. 
299. L. P. Singh J. M. Bhatnagar, J. Appl. Electrochem., 2004, 34(4), 391. 
300. B. Rezaei, S. Meghdadi, R. F. Zarandi, J. Hazard. Mater., 2008, 153, 179. 
301. M. Ghanei-Motlagha, M. Fayazia, M. A. Taher, Sensors and Actuators B, 2014, 199, 
133. 
302. A. A. Ensafi, A. R. Allafchian, J. Pharm. Biomed. Anal., 2008, 47, 802.   
APPENDIX    8 
 
221 
 
8. APPENDIX.  
 
 
 
 
 
 
 
 
 
Fig. 1 1H NMR spectrum recorded for CPII in d6-DMSO at 298 K.  
 
 
 
 
 
 
 
 
 
Fig. 2 1H NMR spectrum recorded for CPII in d6-acetone at 298 K. 
 
 
 
 
 
 
 
 
 
Fig. 3 1H NMR spectrum recorded for CPII in CD3CN at 298.  
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Fig. 4 1H NMR spectrum recorded for CPA in CDCl3 at 298 K. 
 
 
 
 
 
 
 
 
 
Fig. 5 1H NMR spectrum recorded for CPA in CD3CN at 298 K. 
 
 
 
 
 
 
 
 
 
Fig. 6 1H NMR Spectrum of L1 in CD3CN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
      1              4  5              2,2’             6                   , ’                             8,8’  
 
 
APPENDIX    8 
 
223 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 1H NMR Spectrum of L2 in CD3CN. 
 
 
 
 
 
 
 
Fig. 9 1H NMR Spectrum of L2 in CDCl3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 1H NMR Spectrum of L1 in CDCl3. 
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Fig. 10 1H NMR spectrum recorded for CPA and CPA+Hg(NO3)2 in CD3CN at 298 K. 
 
 
 
 
 
 
 
 
 
 
Fig. 11 1H NMR spectrum recorded for (a) sodium tetraphenylborate, 
(b) NaB(C₆H₅) with Hg(II) as nitrate salt in Deuterium oxide, D2O at 298 K. 
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Fig. 12 1H NMR spectrum recorded for (a) oliec acid and  
(b) oliec acid + mercury (as nitrate) in CDCl
3
 at 298 K.  
 
 
Table 1 Calibration standard curve data obtained in AAS  
using the standard solution of the standard solution Pb(II)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Concentration 
mg/l 
Absorbance 
Blank-water 0 0 
1 0.93 0.02 
2 1.88 0.05 
3 3.14 0.08 
4 4.17 0.11 
5 5.29 0.14 
6 6.09 0.17 
7 7.15 0.19 
8 7.92 0.22 
9 8.93 
 
0.25 
10 9.47 0.27 
 
 
 
 
(a) 
(b) 
   17  16   15   14  13  12   11   10    9     8    7    6     5    4    3     2    1     
(9, 10) 1 
(2, 3, 4, 5, 6, 7, 12, 13, 14, 15) 
17 
(11, 8) 
16 
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Table 2 Calibration standard curve data obtained in AAS  
using the standard solution of the standard solution Zn(II)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3 Calibration standard curve data obtained in AAS  
using the standard solution of the standard solution Cu(II)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Concentration 
mg/l 
Absorbance 
Blank-water 0 0 
1 0.14 0.03 
2 0.32 0.07 
3 0.45 0.09 
4 0.59 0.13 
5 0.74 0.16 
6 0.99 0.21 
7 1.05 0.22 
8 1.17 0.24 
9 1.29 
 
0.27 
10 1.50 0.31 
 
 
 
 
 
Sample 
Concentration 
mg/l 
Absorbance 
Blank-water 0 0 
1 0.12 0.08 
2 0.18 0.11 
3 0.23 0.15 
4 0.27 0.17 
5 0.34 0.22 
6 0.40 0.26 
7 0.45 0.29 
8 0.52 0.33 
9 0.56 0.36 
10 0.60 0.39 
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Table 4 Calibration standard curve data obtained in AAS  
using the standard solution of the standard solution Cd(II)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 Plot of calibration standard curve for Pb(II) in AAS 
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Concentration (mg/l) 
Sample 
Concentration 
mg/l 
Absorbance 
Blank-water 0 0 
1 0.09 0.034 
2 0.21 0.08 
3 0.31 0.12 
4 0.40 0.16 
5 0.50 0.20 
6 0.55 0.22 
7 0.63 0.25 
8 0.70 0.27 
9 1.00 
 
0.39 
10 1.20 0.46 
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Fig. 14 Plot of calibration standard curve for Zn(II) in AAS 
 
 
 
 
 
 
 
 
 
 Fig. 15 Plot of calibration standard curve for Cu(II) in AAS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 Plot of calibration standard curve for Cd(II) in AAS 
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Fig. 17 A Standard titration experiment for the binding between BaCl2 and 18-crown-6 A. 
(Panel A) Raw ITC data (heat rate vs time) for titration of BaCl2 (20 mM in 3-µL injections) 
into 18-crown-6 ether (1 mM in the titration cell at 298.15 K in deionized water as solvent. 
(Panel B) Enthalpy data (uJ per mole of injection vs the molar ratio) corresponding to the data 
in panel (A) and the best-fitted curve.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18 Typical titration of 20 mM Sr2+
  
cation (as perchlorate salt) with 1 m mold m-3 
CPA using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN. 
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Fig. 1  Typical titration of 20 mM Ca2+
 
cation (as perchlorate salt) with 1 m mold m-3 CPA 
using Nano ITC
2G
at 298.15 K. Both the cell and syringe solutions contained CH
3
CN.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  Typical titration of 20 mM Ba2+
 
cation (as perchlorate salt) with 1 m mold m-3 
CPA using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN. 
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Fig. 21 Typical titration of 20 mM Cd2+
 
cation (as perchlorate salt) with 1 m mold m-3 
CPA using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22 Typical titration of 20 mM Pb2+
 
cation (as perchlorate salt) with 1 m mold m-3 
CPA using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN.  
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Fig. 2  Typical titration of 20 mM Mg2+
 
cation (as perchlorate salt) with 1 m mold m-3 
CPA using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24 Typical titration of 20 mM Hg2+
 
cation (as perchlorate salt) with 1 m mold m-3 
CPA using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN.  
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Fig. 25 Typical titration of 20 mM Zn2+
 
cation (as perchlorate salt) with 1 m mold m-3 
CPA using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 26 Typical titration of 20 mM Na+
 
cation (as perchlorate salt) with 1 m mold m-3 
L
2
 using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN. 
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Fig. 2  Typical titration of 20 mM Pb2+
 
cation (as perchlorate salt) with 1 m mold m-3 
L
2
 using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 28 Typical titration of 20 mM Ba2+
 
cation (as perchlorate salt) with 1 m mold m-3 
L
2 
using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN.  
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Fig. 2  Typical titration of 20 mM Li+
 
cation (as perchlorate salt) with 1 m mold m-3 
L
2
 using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.    Typical titration of 20 mM Hg2+
 
cation (as perchlorate salt) with 1 m mold m-3 
L
2
 using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN. 
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Fig.  1 Typical titration of 20 mM Sr2+
 
cation (as perchlorate salt) with 1 m mold m-3 
L
2
 using Nano ITC
2G
 at 298.15 K. Both the cell and syringe solutions contained CH
3
CN. 
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